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ABSTRACT
BIOSYNTHESIS AND REGULATION IN ESCHERICHIA COLI B 
GROWN IN THE MAINTENANCE ENERGY EERMENTER
by
THOMAS MORGAN EVANS 
An a n a e ro b ic  c o n tin u o u s  c u l tu r e  d e v ic e  w ith  b io m ass 
feed b ack  h a s  b een  d ev e lo p e d  to  i n v e s t i g a t e  th e  l i m i t  c o n d i­
t i o n s  i n  a  c u l tu r e  o f  E s c h e r ic h ia  c o l i  B when th e  en e rg y  so u rce  
i s  th e  l i m i t in g  n u t r i e n t .  Growth i n  t h i s  system  c o n s is te d  
o f  th r e e  s e q u e n t ia l  p h a s e s :  e x p o n e n t ia l  g row th  (p h ase  l ) ,
s u b s t r a te  d ep en d en t g row th  (p h a se  2 ) and  th e  m a in ten a n ce  en e rg y  
p h ase  (p h ase  3 ) .  T h e o r e t ic a l  a n a l y s i s  o f  m ass t r a n s f e r  i n  
t h i s  system  p r e d ic t e d  th e  o c c u rre n c e  o f  th r e e  p h a s e s .  P hase
1 grow th  and  th e  l i m i t  o f  t h i s  g row th  w ere i n  ag reem en t w ith  
th e  p r e d ic t e d  p a t t e r n  o f  g row th  i n  t h i s  p h a s e .  The g row th  in  
p h a se s  2 and  3 d e v ia te d  from  t h a t  w hich  was p r e d i c t e d .  P hase
2 grow th  was l i n e a r  i n  n a tu r e  w hereas th e  p r e d i c t e d  g row th  
was h y p e rb o l ic  w ith  th e  g row th  r a t e  d e c re a s in g  a s  th e  m a in ten ­
ance en e rg y  r e q u ire m e n ts  o f  th e  p o p u la t io n  i n c r e a s e .  The 
o b se rv ed  g row th  i n  p h a se  3 was i n  d i r e c t  c o n t r a s t  t o  th e  
p r e d ic te d  s te a d y  s t a t e  w here th e  u l t im a te  c o n s ta n t  m ass i n  
th e  c u l tu r e  system  was p o s tu l a t e d  to  be d e te rm in e d  by  th e  
p o p u la t io n s ' m a in ten an ce  e n e rg y  re q u ire m e n ts .
ix
The observed, c o n s ta n t  r a t e  o f  g row th  i n  p h a s e s  2 and  
3 was p o s tu la t e d  to  be th e  r e s u l t  o f  a  c o n t in u o u s ly  d e c re a s in g  
m ain ten an ce  c o e f f i c i e n t .  A c e l l u l a r  p r o c e s s  w hich  w ould a llo w  
th e  m a in ten an ce  c o e f f i c i e n t  to  c o n t in u o u s ly  d e c re a s e  i s  one 
means by  w hich a c u l tu r e  can  r e g u la te  th e  am ount o f  en e rg y  
u sed  f o r  grow th  and  t h a t  u se d  f o r  m a in te n a n c e . T h is  h a s  
im p o rta n t con seq u en ces  when c o n s id e r in g  th e  o b s e rv a t io n  t h a t  
a c u l tu r e  i s  u n a b le  to  u se  a l l  o f  th e  a v a i l a b l e  e n e rg y  f o r  
m a in ten an ce  p u rp o se s  and  th e re b y  re d u c e  th e  g row th  r a t e  i n  
p h ase  3 to  z e ro .
P h ases  2 and  3 w ere fo u n d  to  be p e r io d s  o f  u n b a la n c e d  
grow th w here p h ase  2 c e l l s  became red u c ed  i n  p e r c e n t  com posi­
t i o n  o f  ENA and e n r ic h e d  i n  p r o t e in  and  DNA and  p h ase  3 c e l l s  
became re d u ced  i n  p e r c e n t  c o m p o s itio n  o f  DNA and  ENA and 
e n r ic h e d  i n  p r o t e i n .  The u n b a la n c e d  grow th  was c o n s id e re d  
to  be a  r e s u l t  o f  s t r i n g e n t  c o n t r o l  o f  ENA, p h o s p h o lip id  and  
l ip o p o ly s a c c h a r id e  s y n th e s i s  a s  w e ll  a s  th e  b lo c k a g e  o f  th e  
in c o r p o ra t io n  o f  ENA p r e c u r s o r s  i n t o  DNA. The p r o c e s s  o f  
p r o te in  en rich m en t i n  p h a s e s  2 and  3 may be th e  r e s u l t  o f  an  
a cc u m u la tio n  o f  a  ty p e  o f  p r o t e in  whose l o s s  i s  e n e rg y  d ep en d en t 
and w ould a ccu m u la te  -under c o n d i t io n s  o f  e n e rg y  r e s t r i c t i o n .
The i n d u c i b i l i t y  o f  th e  l a c t o s e  o p eron  i n  p h a s e s  2 
and 3 was an  i n d i c a t i o n  t h a t  th e  t r a d i t i o n a l  o p ero n  c o n t r o l s  
were f u n c t io n a l  i n  th e  two p h a s e s .  The c a p a c i ty  f o r  in d u c t io n  
o f  th e  l a c to s e  o p eron  when th e  en e rg y  su p p ly  was g lu c o se  was 
th o u g h t to  be due to  th e  low i n t r a c e l l u l a r  c o n c e n t r a t io n s  o f  
g lu c o se  d u r in g  p h a s e s  2 and  3* The c o n c e n t r a t io n  o f  g lu c o se
x
a t  v e ry  low l e v e l s  w ould be i n s u f f i c i e n t  to  m e d ia te  c a t a b o l i t e  
r e p r e s s io n .
Reduced r a t e s  o f  B -g a la c to s id a s e  s y n th e s i s  d u r in g  a 
second in d u c t io n ,  i n  a  c u l tu r e  w hich  was in d u c e d , a llo w e d  
to  become r e p re s s e d  and  th e n  r e - in d u c e d  was ta k e n  f o r  e v id e n c e  
o f  "a g in g "  i n  th e  p r o t e i n  s y n th e s iz in g  c a p a b i l i t y  i n  p h a se  3*
The d i f f e r e n c e s  betw een  th e  r a t e  o f  l o s s  o f  p r o t e in  
and B - g a la c to s id a s e  d u r in g  th e  d i f f e r e n t  p h a se s  i n d i c a t e d  t h a t  
B -g a la c to s id a s e  was n o t  a  good i n d i c a t i o n  o f  th e  o v e r a l l  r a t e  
o f  p r o t e in  l o s s .
The p a t t e r n  o f  a  p h a se  3 c u l tu r e  i n f e c t i o n  w ith  
b a c te r io p h a g e  T^ in d i c a t e d  t h a t  a  m a in ten an ce  e n e rg y  p h ase  
c u l tu r e  v e ry  t i g h t l y  c o n t r o l s  th e  u se  and  a l l o c a t i o n  o f  
i n t r a c e l l u l a r  en e rg y  s u p p l i e s .
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A. The C oncept o f  E nergy  o f  M ain ten an ce
The c o n c e p t o f  m a in ten a n ce  e n e rg y  h a s  "been a  n e b u lo u s  
one s in c e  i t s  i n c e p t io n .  I n t u i t i v e l y ,  th e  id e a  t h a t  m ic ro ­
o rgan ism s r e q u i r e  en e rg y  to  m a in ta in  th e  s t a t u s  quo, i .  e . ,  
r e q u i r e  e n e rg y  f o r  f u n c t io n s  o th e r  th a n  th o s e  a s s o c ia te d  w ith  
g ro w th , i s  a  s i g n i f i c a n t  o n e . E a r ly  i n v e s t i g a t i o n s  i n to  
m ic ro b ia l  g row th  i n d i c a t e d  t h a t  e n e rg y  may be r e q u i r e d  f o r  
overcom ing th e  e f f e c t s  o f  c h em ica l w ear and  t e a r ,  i n  io n  
t r a n s p o r t  and  i n  le n d in g  s t a b i l i t y  to  m ac ro m o le cu le s , and  may 
be w asted  i n  en e rg y  u n c o u p lin g  ( M a l l e t t e ,  1 9 6 3 ). I n  l a t e r  
i n v e s t i g a t i o n s  th e  en e rg y  expended i n  th e s e  p r o c e s s e s  w ould 
be re c o g n iz e d  a s  en e rg y  o f  m a in te n a n c e . D uclaux  i n  1898 was 
p ro b a b ly  th e  f i r s t  m ic r o b io lo g is t  to  d i s t i n g u i s h  betw een  
en erg y  f o r  g row th  and  en e rg y  o f  m a in te n a n c e  ( P i r t ,  1 9 6 5 ). He 
su b d iv id e d  th e  s u b s t r a t e  m e ta b o liz e d  b y  a  c u l t u r e  i n t o  two 
c a te g o r i e s ,  th e  e n e rg y  so u rc e  consumed p e r  am ount o f  o rg an ism  
form ed and  th e  am ount o f  en e rg y  so u rc e  consumed p e r  am ount o f  
organ ism  p e r  tim e  to  m a in ta in  th e  o rg an ism  i n  a  h e a l th y  s t a t e .
S in c e  I h c l a u x 's  work m ost i n v e s t i g a t i o n s  c o n c e rn in g  
m ain ten an ce  en e rg y  s e a rc h e d  f o r  d i r e c t  e x p e r im e n ta l  e v id e n c e  
f o r  t h i s  c o n c e p t.  The i n v e s t i g a t i o n s  o f  Monod (194-2) i n d i c a t e d  
t h a t  th e  e n e rg y  o f  m a in ten an ce  i n  g row ing c u l t u r e s  was
1
2e s s e n t i a l l y  z e ro . The r a t i o n a l e  u se d  a s  a  b a s i s  o f  M onod's 
ex p e rim en ts  was t h a t  i f  exogenous e n e rg y  s u b s t r a t e s  c o u ld  be  
u t i l i z e d  a s  a  so u rc e  o f  m a in ten an ce  e n e rg y , th e n  th e r e  sh o u ld  
be a  c o n c e n t r a t io n  o f  e n e rg y  so u rc e  a t  w hich  g row th  w ould n o t  
o ccu r and  th e  en e rg y  s u b s t r a t e  w ould be u s e d  o n ly  f o r  th e  
m ain ten an ce  o f  th e  c e l l .  T h e re fo re ,  e x p e r im e n ta l  e v id e n c e  
f o r  m a in ten an ce  en e rg y  c o u ld  be deduced  from  an  e x t r a p o la t io n  
o f  a  p l o t  o f  t u r b i d i t y  v e r s u s  exogenous e n e rg y  so u rc e  co n cen ­
t r a t i o n  to  ze ro  t u r b i d i t y .  An i n t e r c e p t  a t  a  f i n i t e  c o n c e n t r a t io n  
o f th e  e n e rg y  so u rc e  w ould v a l i d a t e  th e  c o n c e p t o f  m a in ten an ce  
en e rg y . I n  e x p e r im e n ts  w ith  b o th  E s c h e r ic h ia  c o l i  and  B a c i l lu s  
s u b t i l i s , Monod (194-2) found  t h a t  a  p l o t  o f  t u r b i d i t y  v e r s u s  
s u b s t r a t e  c o n c e n t r a t io n ,  e x t r a p o la te d  th ro u g h  th e  o r ig i n  and  
co n c lu d ed  t h a t  m a in ten an ce  e n e rg y  d id  n o t  e x i s t .  S im i la r  
ex p e rim e n ts  w ere co n d u c ted  b y  o th e r  i n v e s t i g a t o r s  u s in g  
A e ro b a c te r  (E n te r o b a c te r )  a e ro g e n e s  and  Saccharom yces c e r e v i s i a e  
and t h e i r  c o n c lu s io n s  a b o u t m a in ten an ce  en e rg y  w ere i d e n t i c a l  
to  M onod's -  m a in te n a n c e  en e rg y  d id  n o t  e x i s t  (D ag ley  e t  a l . ,
1951; Bauchop and  E ls d e n , I 9 6 0 ) .
A r e c o n s id e r a t io n  o f  th e  q u e s tio n  c o n c e rn in g  th e  e x i s t ­
ence o f  m a in ten a n c e  e n e rg y  was a  consequence  o f  th e  developm ent 
o f c o n tin u o u s  c u l t u r e .  H e rb e r t  (1958) i n  h i s  d i s c u s s io n  o f  
th e  t h e o r e t i c a l  p r i n c i p l e s  o f  c o n tin u o u s  c u l tu r e  co n c lu d ed  
t h a t  th e  e x p e r im e n ta l ly  o b se rv e d  cu rv e  r e l a t i n g  s t e a d y - s t a t e  
b a c t e r i a l  c o n c e n t r a t io n  to  s p e c i f i c  g row th  d id  n o t  c o in c id e  
w ith  th e  p r e d i c t e d  c u rv e .  He fo u n d  a t  low s p e c i f i c  g row th  
r a t e s  (e q u a t io n  5) th e  c e l l  y i e l d  (am ount o f  b io m ass form ed 
p e r  u n i t  amount o f  s u b s t r a t e  consumed) was l e s s  th a n  e x p e c te d
3from a t h e o r e t i c a l  c o n s id e r a t io n  o f  s p e c i f i c  grow th  r a t e  and 
c e l l  y i e l d .  T h is  d i f f e r e n c e  he e x p la in e d  b y  h y p o th e s iz in g  t h a t  
a c e r t a i n  am ount o f  b io m ass  was consumed en d o g en o u sly  to  m eet 
th e  m a in ten an ce  en e rg y  demands o f  th e  p o p u la t io n .  T h is  p a t t e r n  
o f red u c ed  c e l l  y i e l d  a t  low  s p e c i f i c  g row th  r a t e s  was l a t e r  
con firm ed  b y  S ch u lze  and  L ip e  (1 9 6 4 ) . They a l s o  h y p o th e s iz e d  
t h a t  p r o c e s s e s  c o n t r ib u t in g  to  e n e rg y  o f  m a in te n a n ce  w ere 
r e s p o n s ib le  f o r  th e  re d u c e d  c e l l  y i e l d .
F u r th e r  ev id e n c e  f o r  en e rg y  o f  m a in ten an ce  came from  
ex p e rim en ts  w hich re -e x a m in e d  th e  h y p o th e s is  t h a t  Monod 
d ev e lo p ed  c o n c e rn in g  th e  e x t r a p o la t io n  o f  p l o t s  o f  g ro w th  v s  
s u b s t r a te  c o n c e n t r a t io n  to  z e ro  g ro w th . The e x p e rim en ts  o f  
McGrew and  M a l le t t e  (1962) w ere d e s ig n e d  w ith  in c r e a s e d  
s e n s i t i v i t y  to  p e rm it  co m p ariso n  o f  g row th  w ith  exogenous 
en erg y  so u rc e  by  lo w e r in g  th e  l e v e l  o f  e n e rg y  so u rc e  r e l a t i v e  
to  c e l l  c o n c e n t r a t io n .  They w ere a b le  to  f in d  a  s u b s t r a t e  
c o n c e n tr a t io n  such  t h a t  when th e  s u b s t r a t e  was added  to  th e  
c u l tu r e  a t  r e g u la r  i n t e r v a l s ,  th e  t u r b i d i t y  o f  th e  c u l tu r e  
rem ained  c o n s ta n t .  The la c k  o f  change in d ic a te d  t h a t  exogenous 
en erg y  was m e ta b o liz e d  w ith o u t  g ro w th . A d e c re a s e  i n  c u l tu r e  
v i a b i l i t y ,  a s  m easu red  by  p l a t e  c o u n ts  d u r in g  th e  p e r io d  o f 
g lu c o se  a d d i t i o n ,  i n d i c a t e d  t h a t  g lu c o se  f e e d in g  was n o t  a s  
e f f e c t i v e  i n  m a in ta in in g  v i a b i l i t y  a s  i t  was i n  m a in ta in  
t u r b i d i t y .  The a u th o r s  h y p o th e s iz e d  t h a t  c e l l  clum ping  may 
have c o n t r ib u te d  to  th e  d e c re a s e  i n  c e l l  num bers. A lso , 
p e r io d ic  a d d i t i o n  o f  th e  e n e rg y  so u rc e  a s  opposed  to  c o n s ta n t  
a d d i t io n  may h av e  c o n t r ib u te d  to  l o s s  o f  c e l l  num bers. They 
c o n c lu d ed , on th e  b a s i s  o f  th e  above e v id e n c e , t h a t  en e rg y
o f m a in ten an ce  d id  e x i s t .  P o s s ib ly  th e  re a s o n  t h a t  Monod (194-2) 
and o th e r s  (D ag ley  e t  a l . , 1951; Bauchop and  E ls d e n , I9 6 0 ) d id  
n o t f in d  ev id e n c e  f o r  th e  e x is te n c e  o f  e n e rg y  o f  m a in ten an ce  
i s  t h a t  th e  g row th  y i e l d  i n  - u n r e s t r i c te d  c u l tu r e  (b a tc h  
c u l tu r e )  i s  c o n s id e ra b ly  l e s s  th a n  i n  r e s t r i c t e d  g row th  ( f e d -  
b a tc h  o r  c o n tin u o u s  c u l t u r e )  (M arr e t  a l . ,  1 9 6 5 ). The re d u ced  
grow th y i e l d s  i n  th e  b a tc h  c u l t u r e s  may have m asked any  
m ain ten an ce  r e q u ire m e n ts  (M arr e t  a l . , 1 9 6 3 ).
The a p p ro a c h  u se d  by  McGrew and  M a l le t t e  (1962) to  
i n v e s t i g a t e  m a in ten an ce  e n e rg y  i n  w hich c u l t u r e s  w ere fe d  
en erg y  s u b s t r a t e  a t  r e g u l a r  i n t e r v a l s  was c o n tin u e d  i n  th e  
e x p e rim e n ts  o f  M arr, N ils o n  and  C la rk  (1 9 6 3 ) . T hese a u th o r s  
c o n s id e re d  m a in ten an ce  e n e rg y  a s  a  p r o c e s s  in d e p e n d e n t o f  
grow th r a t e .  They d e r iv e d  an  e q u a tio n  r e l a t i n g  g row th  r a t e  
and m ain ten an ce  en e rg y  to  th e  change i n  s u b s t r a t e  c o n c e n t r a t io n .  
The r e l a t i o n s h i p  was b a se d  on th e  a s su m p tio n  t h a t  b a c t e r i a l  
grow th  o c c u rs  a t  a  l i n e a r  r a t e  p r o p o r t i o n a l  to  th e  r a t e  o f 
s u b s t r a te  u t i l i z a t i o n .  The e q u a t io n  r e l a t i n g  b a c t e r i a l  g row th  
to  s u b s t r a t e  u t i l i z a t i o n  i s :
dx _ Yds
d t  ~ d t  1
where x  i s  th e  c o n c e n t r a t io n  o f  c e l l s ,  Y i s  th e  y i e l d  c o e f f i ­
c i e n t  o r  th e  w e ig h t o f  c e l l s  p ro d u ced  p e r  u n i t  w e ig h t o f  
l i m i t in g  n u t r i e n t ,  S i s  th e  c o n c e n t r a t io n  o f  l i m i t i n g  n u t r i e n t  
and t  i s  t im e .  E q u a tio n  1 was m o d if ie d  to  in c lu d e  m a in ten an ce  
en erg y  demands and  was r e s t a t e d  a s :
5where th e  te rm  aX r e p r e s e n t s ,  i n  th e  a u t h o r s '  w ords, th e  am ount 
o f  s u b s t r a te  d iv e r te d  from  g row th  and  a  i s  th e  s p e c i f i c  m a in te n ­
ance r a t e  e x p re s s e d  i n  (h )~ ^ . The r e l a t i o n s h i p  s t a t e d  i n  
e q u a tio n  2 was t e s t e d  b y  f e e d in g  f o u r  i d e n t i c a l  e x p o n e n t ia l  
(b a tc h )  c u l tu r e s  o f  E . c o l i  th e  same am ount o f  e n e rg y  s u b s t r a t e  
a t  f o u r  d i f f e r e n t  r a t e s .  One c u l tu r e  ( c o n t r o l )  was f e d  th e  
r a t i o n  o f  g lu c o se  a l l  a t  one t im e . The th r e e  re m a in in g  c u l t u r e s  
were f e d  th e  e n e rg y  s u b s t r a t e  a t  t h r e e  r a t e s .  A co m p ariso n  o f  
th e  c u l tu r e  w hich was c o n t in u o u s ly  fe d  s u b s t r a t e  w ith  th e  
c u l tu r e  w hich was f e d  th e  s u b s t r a t e  r a t i o n  in s ta n ta n e o u s ly  
in d ic a te d  t h a t  g row th  was n e a r ly  l i n e a r  a s  p r e d i c t e d  b y  e q u a tio n
1 . S im i la r  co m p ariso n s  o f  th e  c u l t u r e s  f e d  g lu c o se  s lo w ly  
in d ic a te d  g row th  was c u r v i l i n e a r  a s  p r e d i c t e d  by  e q u a tio n  2 .
On th e  b a s i s  o f  th e s e  e x p e r im e n ts , M arr, N ils o n  and  C la rk  
co n clu d ed  t h a t  m a in ten an ce  e n e rg y  was a  v a l i d  c o n c e p t and  
were a b le  to  o b ta in  a  v a lu e  o f  0 .0 2 8  ( h ) -1  f o r  th e  s p e c i f i c  
m a in ten an ce  r a t e .  S in c e  one v a lu e  o f  th e  m a in ten an ce  r a t e  
u sed  i n  e q u a tio n  2 c o u ld  d e s c r ib e  th e  c u r v i l i n e a r  g ro w th , 
th e  a u th o r s  co n c lu d ed  t h a t  th e  s p e c i f i c  m a in ten a n c e  r a t e  was 
in d ep en d e n t o f  g row th  r a t e .
The c o n c e p t o f  m a in ten an ce  e n e rg y  was f u r t h e r  d ev e lo p ed  
to  e x p la in  o b s e rv a t io n s  o f  lo w ered  c e l l  y i e l d s  r e s u l t i n g  from  
c o n tin u o u s  c u l tu r e  g row th  a t  low s p e c i f i c  g row th  r a t e s .
H e rb e r t (1958) p o s tu l a t e d  t h a t  endogenous m e ta b o lism , d e f in e d  
a s  th e  t o t a l  m e ta b o lic  r e a c t io n s  t h a t  o c c u r  w i th in  th e  c e l l  
i n  th e  a b sen ce  o f  a  u s a b le  exogenous e n e rg y  s u b s t r a t e  (Dawes 
and R ib b o n s, 1 9 6 4 ), a c c o u n te d  f o r  th e  re d u c e d  c e l l  y i e l d s .
The endogenous m etab o lism  t h a t  H e rb e r t  r e f e r r e d  to  i s  i d e n t i c a l
to  m a in ten an ce  e n e rg y  and  was in c o r p o ra te d  in t o  th e  g row th  
r a t e  law  a s :
§  = 3
where X i s  th e  c e l l  c o n c e n t r a t io n ,  t  i s  t im e ,  b i s  th e  s p e c i f i c  
grow th  r a t e  and  -a x  r e p r e s e n t s  th e  l o s s  o f  c e l l  b iom ass due to  
m a in te n a n c e . T h is  r e l a t i o n s h i p  was a l s o  a d o p te d  by  M arr e t  a l . 
(1963) and  th e y  te rm ed  th e  r a t e  c o n s ta n t ,  a ,  th e  s p e c i f i c  
m a in ten an ce  r a t e .  M arr e t  a l . ,  m o d if ie d  e q u a tio n  3 to  d e s c r ib e  
en e rg y  l im i te d  g row th  i n  c o n tin u o u s  c u l tu r e  and  o b ta in e d :
1 _ a  1 . 1
T  = Xmax 4
Where x  i s  c e l l  c o n c e n t r a t io n ,  X Y i s  th e  maximum org an ism  
c o n c e n tr a t io n  an d  D i s  th e  d i l u t i o n  r a t e .  The d i l u t i o n  r a t e  
i s  d e f in e d  a s  th e  flo w  r a t e  (v o lu m e)- "'" and  d e te rm in e s  th e  
s p e c i f i c  g row th  r a t e  o f  c e l l s  g row ing i n  c o n tin u o u s  c u l t u r e .
At a  s te a d y  s t a t e  m ass c o n c e n t r a t io n  i n  c o n tin u o u s  c u l t u r e ,  
th e  s p e c i f i c  grow th  r a t e  w i l l  be  e q u a l to  th e  d i l u t i o n  r a t e  
(H e rb e r t  e t  a l . , 1 9 5 6 ). S p e c i f ic  g row th  r a t e  i s  th e  r a t e  o f  
in c r e a s e  p e r  u n i t  o f  o rg an ism  c o n c e n t r a t io n  an d  i s  e x p re s s e d  a s :
u  _ I  f djc )F ~ x  ^ dt- ; 5
where p. i s  th e  s p e c i f i c  g row th  r a t e  and  h a s  th e  d im en sio n  o f  
( h ) - "'". The r e l a t i o n s h i p  e x p re s s e d  i n  e q u a t io n  4  was t e s t e d  by  
grow ing b a c t e r i a  a t  d i f f e r e n t  d i l u t i o n  r a t e s  i n  c o n tin u o u s  
c u l tu r e  and  p l o t t i n g  1/X v s  1 /D . T h is  d o u b le  r e c i p r o c a l  p l o t
was found  t o  be l i n e a r  w hich in d i c a t e d  th e  a ssu m p tio n  made in
e q u a tio n  4  was a  v a l i d  o n e .
7The c o n c e p t o f  m a in ten an ce  e n e rg y  a s  a p p l ie d  to  con­
tin u o u s  c u l tu r e  by  H e rb e r t  (1958) was a l s o  v e r i f i e d  by  S c h u ltz e  
and L ipe  (1964) and P i r t  (1 9 6 5 ). Schultze and  L ip e , a s  w e ll  a s  
P i r t ,  v iew ed th e  en e rg y  n e c e s s a r y  f o r  m a in ten an ce  o f  c e l l s  
grow ing i n  c o n tin u o u s  c u l tu r e  a s  a  d iv e r s io n  o f  a  p a r t  o f  th e  
en erg y  d e r iv e d  from  th e  m e tab o lism  o f  an  exogenous en e rg y  s o u rc e .  
Up to  t h i s  t im e ,  th e  so u rc e  o f  en e rg y  f o r  m a in ten an ce  was 
h y p o th e s iz e d  to  be s u p p lie d  from  th e  consum ption  o f  endogenous 
b iom ass (H e rb e r t ,  1958; M arr e t  a l . ,  1965; Dawes and  R ib b o n s ,
19 6 4 ). S ch u lze  and  L ip e  ap p ro ach ed  th e  m a th e m a tic s  o f  m a in te n ­
ance en e rg y  a s  H e rb e r t  d id ,  e x c e p t th e y  r e p r e s e n te d  m ain ten an ce  
en erg y  a s  gram s o f  s u b s t r a t e  consumed p e r  gram c e l l  b iom ass p e r  
h o u r . They a l s o  re c o g n iz e d  t h a t  m a in ten an ce  e n e rg y  demands 
would in f lu e n c e  th e  v a lu e  o f  th e  y i e l d  c o e f f i c i e n t  ( c e l l  y i e l d ) .  
They o b ta in e d  a  y i e l d  c o e f f i c i e n t  c o r r e c te d  f o r  m a in ten an ce  
en erg y  from  a p l o t  o f  th e  r e c i p r o c a l  o f  th e  y i e l d  c o e f f i c i e n t  
v e rsu s  d i l u t i o n  r a t e .  The i n t e r c e p t  o f  th e  cu rv e  a t  th e  o r d in a te  
r e p re s e n te d  th e  v a lu e  o f  th e  y i e l d  c o e f f i c i e n t  c o r r e c te d  f o r  
m a in ten an ce  e n e rg y  consum ption  o f  s u b s t r a t e .  Schultze and  L ip e  
r e l a t e d  m a in ten an ce  en e rg y  d e f in e d  i n  te rm s  o f  s u b s t r a t e  con­
sumed to  H e r b e r t ' s c o n ce p t o f  m a in ten an ce  d e f in e d  a s  a  consum ption  
o f endogenous m a te r i a l s  by th e  r e l a t i o n s h i p :
am = y
G 6
where m i s  e n e rg y  consumed f o r  m a in ten an ce  p u rp o se s  e x p re s s e d  
in  en e rg y  s u b s t r a t e  consumed ( u n i t  m ass o f  c u l t u r e ) - 1 ( u n i t  
t im e ) -1  and  Yq i s  th e  y i e l d  c o e f f i c i e n t  c o r r e c te d  f o r  m a in te n ­
ance e n e rg y .
8P i r t  (1965) fo rm a lized , th e  t h e o r i e s  o f  m a in ten an ce  
en erg y  in to  th e  s u b s t r a t e  b a la n c e  w here:
o v e r a l l  r a t e  o f r a t e  o f  s u b s t r a t e r a t e  o f  s u b s t r a t e  
u t i l i z a t i o n  f o r  
g row th
s u b s t r a te  u t i l i z a t i o n  u t i l i z a t i o n  f o r
m a in ten an ce
E x p ressed  m a th e m a tic a l ly ,  th e  above e x p re s s io n  becom es:
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U sing th e  fo llo w in g  s u b s t i t u t i o n s :
d s / d t  = -p x /Y ; ( d s / d t ) ^  = -mx; ( d s / d t ) ^  = - p x / Y ^
P i r t  d e r iv e d  th e  fo rm u la :
—  = 2- + —
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where Y y  i s  e q u iv a le n t  to  YG and  i s  th e  maximum t h e o r e t i c a l  
grow th  y i e l d  when m a in ten an ce  e n e rg y  i s  z e ro .  P i r t  d e f in e d  
m a s  th e  "m ain ten an ce  c o e f f i c i e n t "  e x p re s s e d  i n  e n e rg y  s u b s t r a t e
ance c o e f f i c i e n t  i s  i d e n t i c a l  to  th e  te rm , e n e rg y  consumed f o r  
m a in ten a n c e , u se d  b y  S ch u lze  an d  L ip e .
en erg y  s u p p ly  f o r  m a in te n a n c e  may be d e r iv e d  by  e i t h e r  o f  
two h y p o th e t i c a l  m echanism s, t h a t  o f  P i r t  (1965) w here m a in te n ­
ance en e rg y  re q u ire m e n ts  a r e  m et by  c a ta b o l i z in g  a b so rb e d  
s u b s t r a te  and  t h a t  o f  H e rb e r t  (1958) w here m a in ten an ce  r e q u i r e ­
m ents a r e  m et by c a ta b o l i z in g  endogenous b io m a ss . Sykes (1976) 
c o n s id e re d  th e  m e r i t s  o f  th e s e  two h y p o th e se s  i n  some d e t a i l .
consumed ( u n i t  m ass o f  c u l t u r e )  ^ ( u n i t  t im e )  ■*■. The m a in te n -
Erom th e  above d i s c u s s io n ,  i t  i s  a p p a re n t  t h a t  th e
9Sykes h y p o th e s ize d , t h a t  s in c e  c e l l u l a r  b io m ass  c a p tu r e s  o n ly  
55% o f  f l1® exogenous s u b s t r a t e s '  e n e rg y  and  c a rb o n , a  c e l l  
m ee tin g  i t s  m a in te n a n ce  e n e rg y  demands b y  c a ta b o l i z in g  endogenous 
biom ass w ould u l t i m a t e l y  u s e  a b o u t tw ic e  a s  much s u b s t r a t e  a s  
would a  c e l l  m e e tin g  i t s  m a in te n a n ce  e n e rg y  demands by  th e  
d i r e c t  m e tab o lism  o f  exogenous e n e rg y  s u b s t r a t e .  T h e re fo re ,
Sykes co n c lu d ed  t h a t  th e  m odel o f  P i r t  was more sound from  th e  
b io c h e m ic a l v ie w p o in t .  Sykes f u r t h e r  t e s t e d  th e  m odels o f  
P i r t  and  H e rb e r t  by  d e v e lo p in g  s u b s t r a t e  b a la n c e s  b a se d  on 
e i t h e r  P i r t ' s  o r  H e r b e r t 's  a n a l y s i s  o f  g row th  y i e l d  and 
a p p ly in g  th e s e  b a la n c e s  t o  o b se rv ed  g row th  i n  c o n tin o u s  c u l t u r e .  
The s u b s t r a t e  b a la n c e  in c lu d e d  te rm s  f o r  s u b s t r a t e  in p u t  and  
w ashou t, s u b s t r a t e  u se d  i n  s y n th e s i s ,  s u b s t r a t e  c o n v e r te d  to  
e x c re te d  m e ta b o l i te  and  i n  th e  b a la n c e  w hich  t e s t e d  P i r t ' s 
th e o ry ,  s u b s t r a t e  expended f o r  m a in te n a n c e . Sykes fo u n d  t h a t  
o n ly  th e  b a la n c e  t h a t  in c lu d e d  consum ption  o f  exogenous sub ­
s t r a t e  f o r  m a in ten an ce  a d e q u a te ly  d e s c r ib e d  g row th  when a l l  
te rm s o f  th e  s u b s t r a t e  b a la n c e  w ere c o n s id e re d .  T h e re fo re ,
Sykes co n c lu d ed  t h a t  th e  m odel o f  P i r t  was th e  c o r r e c t  o n e .
B. M agnitude and  D i s t r i b u t i o n  o f  M ain tenance  E n erg y  i n  
M ic ro o rg an ism s .
E nergy  o f  m a in ten an ce  i s  d e f in e d  a s  th e  e n e rg y  expended 
by c e l l u l a r  p r o c e s s e s  t h a t  a r e  n o t  d i r e c t l y  a s s o c i a t e d  w ith  
grow th ( M a l l e t t e ,  1 9 6 5 ). The am ount o f  en e rg y  u sed  f o r  g row th  
w i l l  depend on th e  n a tu r e  o f  th e  o rg a n is m 's  m e tab o lism  and 
on th e  c u l t u r a l  c o n d i t io n s  u n d e r  w hich  i t  i s  grow n. The 
v a r i a t i o n  i n  th e  am ount o f  e n e rg y  u se d  f o r  m a in ten an ce  p u rp o se s
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i n  v a r io u s  m ic ro o rg an ism s  i s  shown i n  T a b le  1 . The v a lu e s  o f
th e  m a in ten an ce  c o e f f i c i e n t  (m^ p )  ra n g e d  from  0 .2 1  and  0 .2 5
— *L — 1(mmole ATP) (g  d ry  b io m ass) (h )  f o r  th e  y e a s t s ,  C andida 
p a r a p s i l o s i s  and  Saccharom yces c e r e v i s i a e , r e s p e c t i v e l y ,  to  
220 (mmole ATP)(G d ry  b io m a ss )“ ''‘( h ) ' '^  f o r  A z o to b a c te r  
v in e la n d i i  when f ix i n g  n i t r o g e n  a t  a  h ig h  d is s o lv e d  oxygen 
te n s io n .  S to u th am er and  B e tte n h a u s se n  (1973) c a l c u l a t e d  f o r
E . a e ro g e n e s  grow ing a n a e r o b ic a l ly ,  w ith  g lu c o se  i n  e x c e s s ,  
a t  a  s p e c i f i c  g row th  r a t e  o f  0 .1  ( h ) - ^ t h a t  a p p ro x im a te ly  90% 
o f th e  t o t a l  ATP p ro d u ced  was u se d  f o r  m a in te n a n c e . T h is  
c a l c u l a t i o n  i n d i c a t e s  t h a t  u n d e r  c e r t a i n  g row th  c o n d i t io n s  
th e  en erg y  expended f o r  m a in ten an ce  can  be a  m a jo r com ponent 
o f  th e  c e l l ' s  t o t a l  e n e rg y  b u d g e t.
C u ltu re  c o n d i t io n s  d r a m a t ic a l ly  in f lu e n c e  th e  m agn itude 
o f  th e  m a in ten an ce  c o e f f i c i e n t  (T a b le  l ) .
C. C e l lu la r  P ro c e s s e s  Which C o n tr ib u te  to  E nergy  f o r  M a in ten a n c e .
V a rio u s  a u th o r s  have a s s e s s e d  th e  e f f e c t s  o f  c u l tu r e  
c o n d i t io n s  on m a in ten an ce  e n e rg y  an d  w hich  c e l l u l a r  p r o c e s s e s  
c o n tr ib u te d  to  m a in ten an ce  e n e rg y  f u n c t io n s .
M arr, E i l s o n  and  C la rk  (1965) i n v e s t i g a t e d  th e  e f f e c t  
o f  g a la c to s id e  t r a n s p o r t  on e n e rg y  o f  m a in te n a n c e . The e x p e r i ­
m en ta l r a t i o n a l e  u se d  i n  t h e i r  e x p e r im e n ts  was t h a t  th e  e n e rg y  
r e q u ire d  f o r  th e  a c c u m u la tio n  o f  th e  g a la c to s id e  a g a in s t  a 
c o n c e n tr a t io n  g r a d ie n t  sh o u ld  d i v e r t  m e ta b o lic  e n e rg y  from  
grow th p r o c e s s e s  and  in c r e a s e  th e  m a in te n a n c e  e n e rg y  re q u ire m e n ts .  
A com parison  o f  th e  m a in ten an ce  r a t e s  i n  E . c o l i  g row ing i n  
fe d -b a tc h  c u l t u r e s  e i t h e r  i n  th e  p re s e n c e  o r  a b se n c e  o f  th e
Table 1. Distribution of Maintenance Energy Requirements in Microorganisms.
O rganism Growth C o n d itio n M ain ten an ce  
E nergy  
a  b
ATP
R e fe re n c e
m
A e ro b a c te r  (E n te r o b a c te r ) 
c lo a c o a e
A e ro b a c te r  (E n te r o b a c te r ) 
a e ro g e n e s
A z o to b a c te r  v i n e l a n d i i
C andida p a r a p s i l o s i s  
E s c h e r ic h ia  c o l i
a e r o b ic ,  g lu c o s e - l im i te d  0.094- 14
a n a e r o b ic ,  g lu c o s e - l im i te d  -  6 .8
a n a e r o b ic ,  g lu c o s e - l im i te d ,
com plex medium -
a n a e r o b ic , t ry p to p h a n -
l i m i t e d  2 .8 8
a n a e r o b ic , c i t r a t e -
l i m i t e d  -
a e r o b ic j  g lu c o s e - l im i te d  0 .3
f i x i n g  n i t r o g e n ,  d i s ­
so lv e d  oxygen 
t e n s io n  0 .2  atm  1 .5
f ix i n g  n i t r o g e n ,  d i s ­
so lv e d  oxygen 
t e n s io n  0 .0 2  atm  0 .1 5
a n a e r o b ic ,  g lu c o s e - l im i te d  -
a n a e r o b ic ,  g lu c o s e - l im i te d  -
a e r o b ic ,  g lu c o s e - l im i te d  0 .5
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E a g a i & A ib a , 1972
E a g a i & A ib a , 1972 
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T ab le  1 . c o n tin u e d
O rganism Growth C o n d itio n M ain ten an ce
E nergy
m a  10
c ATP
R e fe re n c e
L a c to b a c i l lu s  c a s e i a n a e r o b ic ,  com plex medium 
g lu c o s e - l im i te d *0.135 1 .5 d e V rie s  e t  a l . , 1970
M icro co ccu s d e n i t r i -  
f i c a n s a e r o b ic ,  g lu c o n a te - l im i te d  - 0 .5 3 V an V ersev e ld  & 
S to u th a m e r, 1976
P e n ic i l l iu m  chrysogenum a e r o b ic ,  g lu c o s e - l im i te d 0 .2 2 3 .2 R ig h e la to  e t  a l . , 1968
Pseudom onas sp a e r o b ic ,  m e th a n e - l im ite d 1 .9 - M agai, M ori & A ib a , 
1973
S accbarom yces c e r e v i s i a e a n a e r o b ic ,  g lu c o s e -  
l i m i t e d 0 .0 3 6 0 .5 2 W atson, 1970
a n a e r o b ic ,  g lu c o s e -  
l im i t e d 0 .2 5 R ogers  & S te w a r t ,  1970
a n a e r o b ic ,  g lu c o s e -
l im i te d ,  NaCl (l.OM ) 0 .3 6 0 2 .2 W atson , 1970
T b io b a c i l lu s  n e a p o l i -  
ta n u s
a e r o b ic ,  t h i o s u l f a t e -  
l im i t e d 3 .4 4 - H em pfling  & V is h n ia c ,  
1967
b
Me, M ain ten an ce  c o e f f i c i e n t  e x p re s s e d  a s  g e n e rg y  so u rc e  (g d ry  b io m a ss )  ^ (h )  "K
M[ATP’ ^ i ^ 811511106 c o e f f i c i e n t  e x p re s s e d  a s  mmole ATP (g  d ry  b io m a ss)  1 (b )
(-•ro
13
g a la c to s id e ,  m e th y l- jf3 -D -th io g a la c to -p y ra n o s id e , i n d ic a te d  
th a t  a c t i v e  t r a n s p o r t  o f  t h i s  s o lu te  d id  n o t  c o n t r ib u te  o r  
in c re a s e  th e  m a in ten an ce  e n e rg y  re q u ire m e n ts .  M arr e t  a l . 
a ls o  d e te rm in e d  th e  e f f e c t  o f  te m p e ra tu re  on th e  v a lu e  o f  th e  
m ain tenance  r a t e .  U sing  f e d - b a tc h  c u l t u r e s ,  th e y  found  t h a t  
th e  m a in ten an ce  r a t e  o f  E . c o l i  grown a t  30°C d e c re a se d  from  
0 .028  ( h ) - "*" to  0 .0 0 5  ( h ) - '*' when grown a t  15°C.
The e f f e c t  o f  te m p e ra tu re  on m a in ten an ce  e n e rg y  h a s  
a ls o  been  exam ined d u r in g  c o n tin u o u s  c u l tu r e  g row th  o f  E . c o l i  B 
(M ainzer and  H em pfling , 1 9 7 6 ). As d id  M arr e t  a l . , M ainzer 
and H em pfling  o b se rv ed  a  r e l a t i o n s h i p  betw een  te m p e ra tu re  and  
m ain ten an ce  e n e rg y . T hese a u th o r s  found  t h a t  d u r in g  a n a e ro b ic  
co n tin u o u s  c u l tu r e  o f  E . c o l i  B th e  v a lu e  o f  th e  m a in ten an ce
c o e f f i c i e n t  d e c re a se d  by  25% when th e  g row th  te m p e ra tu re  was
d e c re a se d  from  50°0 to  25°G. The m a in ten an ce  c o e f f i c i e n t
r e f e r r e d  to  by th e  a u th o r s  was ni^rpp w hich  i s  d e f in e d  a s  th e
— "1 —1m ain ten an ce  c o e f f i c i e n t  e x p re s s e d  i n  mmol ATP(g d ry  w t) (h ) 
in s te a d  o f  mmol o r  g e n e rg y  s u b s t r a t e  (gram  d ry  w t) “ '*'(h)_‘1".
The v a lu e  o f  ni^rpp i s  c a l c u l a t e d  b y  th e  same means a s  i s  mc 
e x cep t th e  y i e l d  c o e f f i c i e n t  (Y^) i s  e x p re s s e d  a s  Y ^ p  w here 
^ATP ■^*ae c o e f f i c i e n t  e x p re s s e d  i n  te rm s  o f  A T P (un it
b iom ass) ^ i n s t e a d  o f  en e rg y  s u b s t r a t e ( u n i t  b io m a ss ) - "*" 
(S to u th am er, 1 9 6 9 ). The v a lu e  o f  Y ^jp  i s  o b ta in e d  from  th e  
o rd in a te  i n t e r c e p t  o f  a  d o u b le  r e c i p r o c a l  p l o t  o f  Y ^ p  v s  D.
The a u th o r s  a l s o  found  t h a t  Y ^jp  in c r e a s e d  from  1 0 .3  g b a c t e r i a l  
d ry  w eight(m m ol ATP)- '*' to  1 2 .7  g b a c t e r i a l  d ry  w eight(m m ol ATP)- "*" 
when th e  g row th  te m p e ra tu re  d e c re a se d  from  37°G to  25°C . A 
s im i la r  r e l a t i o n s h i p  be tw een  b o th  th e  m a in ten an ce  r e s p i r a t i o n
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r a t e  and  growth, y i e l d  an d  te m p e ra tu re  was fo u n d  i n  a e r o b ic  
chem osta t c u l t u r e s  o f  E . c o l i  B. The m a in ten an ce  r e s p i r a t i o n  
r a t e  from  37° to  32°C in c r e a s e d  from  0 .9  to  4 .4  and  th e n  
d e c re a se d  t o  1 .5  a s  th e  te m p e ra tu re  was lo w ered  to  1 7 . 5°C.
In  a e ro b ic  c u l t u r e ,  th e  m a in ten a n c e  r e s p i r a t i o n  r a t e  CiUq ) i s  
d e f in e d  a s  mg-atom o f  0 (g  b a c t e r i a l  d ry  w t) - '*'(h)- '*' an d  th e  
grow th y i e l d  i s  d e f in e d  a s  g b a c t e r i a l  d ry  w e ig h t(g -a to m  0 ) -1  
(S to u th am er, 1 9 6 9 ). The a u th o r s  w ere u n a b le  to  e x p la in  th e  
o b se rv ed  phenomenon w here b o th  Yq and  Y ^rp in c r e a s e d  and  b o th  
hIq and  m^pp d e c re a se d  when g row th  te m p e ra tu re  was d e c re a s e d . 
They h y p o th e s iz e d  t h a t  th e  e f f i c i e n c y  o f  b io m ass s y n th e s i s  
may in c r e a s e  a t  lo w er g row th  te m p e r a tu re s .
The e f f e c t s  o f  c u l tu r e  pH on mc have n o t  b een  sy stem ­
a t i c a l l y  exam ined. H a r r is o n  and  L o v e le s s  (1971) d id  o b se rv e  
a  d e c re a se  i n  g row th  y i e l d  w ith  a  d e c re a s e  i n  c u l tu r e  pH.
P i r t  (1975) c a lc u la te d  from  th e  d a ta  o f  H a r r is o n  and  L o v e le s s  
t h a t  th e  o b se rv e d  d e c re a s e  i n  g row th  y i e l d ,  when th e  c u l tu r e  
pH d e c re a se d  from  6 .6  to  5 .4 ,  w ould r e s u l t  i n  an  i n c r e a s e  i n  
th e  v a lu e  o f  th e  m a in ten an ce  c o e f f i c i e n t .
The r e l a t i o n s h i p  b e tw een  th e  n a tu r e  o f  th e  l i m i t i n g  
energy  s u b s t r a t e  and m a in ten an ce  e n e rg y  i n  a e r o b ic  c o n tin u o u s  
c u l tu r e  o f  E . c o l i  B was exam ined b y  H em pfling  and  M ain zer 
(1 9 7 5 ). The a u th o r s  fo u n d  t h a t  th e  m ag n itu d es  o f  b o th  YQa x  and  
mQ w ere a  f u n c t io n  o f  th e  i d e n t i t y  o f  th e  s u b s t r a t e  w hich  
l im i te d  g ro w th . The .a u th o rs  h y p o th e s iz e d  t h a t  th e  dependence 
o f  mQ and YQa x  on th e  i d e n t i t y  o f  th e  g ro w th  l i m i t i n g  s u b s t r a t e  
may be a  r e s u l t  o f  chan g es  i n  e f f i c i e n c y  o f  o x id a t iv e  p h o s­
p h o r y la t io n  w ith  th e  i d e n t i t y  o f  th e  s u b s t r a t e .  The dependence
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o f th e  m agn itude  o f  th e  m a in ten an ce  c o e f f i c i e n t  on th e  i d e n t i t y  
o f th e  s u b s t r a t e  was a l s o  v e r i f i e d  i n  ch em o sta t c u l t u r e s  o f  
M icrococcus d e n i t r i f i c a n s  (Van V e rse v e ld  and  S to u th a m e r, 1976) 
and o f  E . a e ro g e n e s  (S to u th am e r and  B e tte n h a u s se n , 1975)*
The c o n c e n t r a t io n  o f  d is s o lv e d  oxygen i n  a e r o b ic  chemo- 
s t a t s  h a s  b een  shown to  in f lu e n c e  th e  r a t e  a t  w hich  a s u b s t r a t e  
i s  u sed  f o r  m a in ten an ce  (R ogers  and  S te w a r t ,  197^; N agai and  
A iba, 1 9 7 2 ).
The n a tu r e  o f  g row th  l i m i t a t i o n  i n  ch em o sta t c u l tu r e s  
h as  a  m arked in f lu e n c e  on th e  m ag n itu d e  o f  th e  m a in ten an ce  
c o e f f i c i e n t .  I n  c h e m o sta t c u l tu r e  w here th e  l i m i t i n g  n u t r i e n t  
( try p to p h a n , n i t r o g e n ,  p h o sp h a te  o r  s u l f a t e )  was n o t  th e  e n e rg y  
so u rc e , th e  m a in ten an ce  c o e f f i c i e n t  was g r e a t e r  th a n  when th e  
i d e n t i c a l  o rg an ism  was grown u n d e r  e n e rg y  l i m i t a t i o n  ( H e i j s s e l  
sind T em pest, 1976a, 1976b, and  S to u th am er and  B e tte n h a u s se n , 
1975).
The c e l l u l a r  p r o c e s s e s  w hich co m p rise  th e  l a r g e s t  
f r a c t i o n  o f  th e  m a in ten an ce  e n e rg y  re q u ire m e n t w ere th o u g h t to  
be p r o te in  tu rn o v e r  (H em pfling  and  M ain ze r, 1975; M arr e t  a l . ,
1965) and  p r e s e r v a t io n  o f  th e  p ro p e r  io n i c  c o m p o s itio n  o f  
th e  c e l l  (S to u th am er and  B e tte n h a u s s e n , 1 9 7 3 )- M arr, N ils o n  
and C la rk  (1965) i n  t h e i r  s tu d i e s  o f  m a in ten an ce  e n e rg y  i n  th e  
fe d -b a tc h  c u l tu r e  system  c a lc u la t e d  w hat f r a c t i o n  o f  th e  
m ain ten an ce  r a t e  was due to  p r o t e in  tu r n o v e r .  They fo u n d  i n  
an a e ro b ic  c u l tu r e  o f  E . c o l i  B, w here g row th  was r e s t r i c t e d  
by fe e d in g  g lu c o s e ,  t h a t  p r o te in  was d eg rad ed  i n  th e  c u l tu r e  
a t  a r a t e  o f  0 .0 5 2  ( h ) " " \  Based on th e  am ount o f  s u b s t r a t e  
n e c e s s a ry  to  r e p l e n i s h  p r o t e in  l o s s ,  M arr e t  a l .  c a l c u l a t e d  a
16
m ain tenance r a t e  o f  0 .0 1 6  (h )~ ^  o r  a b o u t 60% o f  th e  m easured  
m ain tenance r a t e  o f  0 .0 2 8  ( h ) - ^ was due to  p r o t e i n  tu r n o v e r .  
S im ila r  c a l c u l a t i o n s  w ere made b y  H em pfling  and  M ain zer (1 9 7 5 )-  
They assum ed a  p r o t e i n  tu rn o v e r  r a t e  o f  0 .0 2 5  ( h ) - ^ f o r  an  
e x p o n e n tia l  c u l tu r e  o f  E . c o l i  B and c a l c u l a t e d  t h a t  a p p ro x i­
m a te ly  50% o f  th e  m a in te n an c e  en e rg y  re q u ire m e n ts  o f  c e l l s  
growing a e r o b i c a l l y  on g lu c o se  was due to  p r o t e i n  tu r n o v e r .
The id e a  t h a t  p r o t e in  tu r n o v e r  c o m p rise s  50% o f  th e  m a in ten an ce  
energy  r e q u ire m e n ts  i s  n o t  u n i v e r s a l l y  a c c e p te d .  P i r t  (1975) 
concluded  t h a t  p r o t e in  tu rn o v e r  co m p rise s  o n ly  6 % o f  th e  
m ain ten an ce  re q u ire m e n ts  i n  e x p o n e n t ia l ly  g row ing E . c o l i .
The v a lu e  /0 .0 0 6 ( h )  “^7" o f  p r o t e i n  tu r n o v e r  t h a t  P i r t  u se d  to  
c a lc u la te  th e  f r a c t i o n  o f  m a in ten a n c e  en e rg y  due to  p r o t e in  
tu rn o v e r  was s u b s t a n t i a l l y  lo w er th a n  th e  v a lu e  u se d  by  M arr 
e t  a l . , / 0 . 0 3 2 ( h ) ~ ^ /  and  H em pfling  and  M ainzer / 0 .0 2 5 ( h ) - i^ .
The la c k  o f  ag reem en t b e tw een  v a lu e s  o r  p r o t e in  tu rn o v e r  u se d  
in  th e  c a l c u l a t i o n  o f  th e  p r o t e in  f r a c t i o n  o f  m a in ten an ce  
en erg y  w ould a c c o u n t f o r  th e  d i f f e r e n t  c o n c lu s io n s  re a c h e d  by 
th e  v a r io u s  a u th o r s  a s  to  th e  f r a c t i o n  t h a t  p r o t e i n  c o m p rise s  
o f th e  m a in ten an ce  e n e rg y  r e q u ire m e n ts .
A n o th er c e l l u l a r  p ro c e s s  w hich i s  th o u g h t to  c o n t r ib u te  
in  a  l a r g e  way t o  m a in te n a n ce  en e rg y  r e q u ire m e n ts  i s  th e  
m ain tenance  o f  th e  p r o p e r  io n i c  b a la n c e  in  th e  c e l l .  W atson
(1970) d e te rm in e d  th e  v a lu e  o f  in i n  a e r o b ic  g lu c o s e - l im i te dc
c o n tin u o u s  c u l t u r e s  o f  S . c e r e v i s i a e  i n  th e  p re s e n c e  o r  ab se n c e  
o f 1 .0  M U aCl. The v a lu e  o f  mQ in c r e a s e d  from  0 .2  jimol g lu c o se  
(mg d ry  w e ig h t)“ '*'(h)"‘1 i n  th e  ab sen ce  o f  NaCl t o  2 jamol g lu c o se  
(mg d ry  w e ig h t) - ^ ( h ) -1  i n  th e  p re s e n c e  o f  N aC l. S to u th am er
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and. B e tte n h a u s se n  (1973) found  s im i l a r  e f f e c t s  o f  in c r e a s e d  
e x t r a c e l l u l a r  s a l t  c o n c e n t r a t io n  on th e  m a in te n an c e  c o e f f i c i e n t .  
They r e p o r t  an  in c r e a s e  o f  m^jrp from  0 .0 3 8 7  gmole ATP(g d ry  
w eig h t)~ '1'(h )~ ^  to  0 .0 5 0  gmole ATP(g d ry  w e ig h t) - 1 ( h ) “ '1' when
E. a e ro g e n e s  was grown i n  c o n tin u o u s  c u l tu r e  i n  th e  p re s e n c e  
o f a  h ig h  EH^Cl c o n c e n t r a t io n .  B oth  W atson and  S to u th a m er and  
B e tte n h a u sse n  co n c lu d ed  t h a t  a  l a r g e  f r a c t i o n  o f  th e  en e rg y  
f o r  m a in ten an ce  was u se d  f o r  th e  p r e s e r v a t io n  o f  th e  p r o p e r  
io n ic  co m p o sitio n  o f  th e  c e l l .
I n  s e v e r a l  s p e c ie s  o f  B a c i l l u s , su ch  a s  B. s u b t i l i s  
and B. l i c h e n i f o r m i s , a u t o l y s i s  h a s  b een  o b se rv e d  i n  th e  ab se n c e  
o f  c o n tin u e d  c e l l  w a ll  s y n th e s i s  f o r  w hich  e x p e n d itu re  o f  ATP 
i s  n e c e s s a ry  (Shockman et_ a l . ,  1 9 6 1 ). P o r  t h i s  r e a s o n ,
S tou tham er and B e tte n h a u s se n  (1973) p o s tu l a t e d  t h a t  i n  B a c i l lu s  
s p e c ie s  c e l l  w a ll  tu r n o v e r  may com prise  a  l a r g e  f r a c t i o n  o f  
th e  m a in ten an ce  en e rg y  b u d g e t.
E nergy  expended f o r  m a in te n an c e  may a l s o  be a  r e s u l t  
o f  en e rg y -u n co u p le d  g row th  (S to u th am er an d  B e tte n h a u s s e n , 1975)* 
Energy u n c o u p lin g  was d e f in e d  b y  Senez (1962) a s  a  l a c k  o f  
r e g u la t in g  th e  e n e r g y -y ie ld in g  m e tab o lism  t o  th e  en e rg y -co n su m in g  
r e a c t io n s  o f  c e l l  b i o s y n t h e s i s .  E nergy  u n c o u p lin g  may o c c u r  
in  c u l tu r e s  grow ing u n d e r  u n fa v o ra b le  c o n d i t io n s .  Growth a t  
a su b o p tim a l te m p e ra tu re ,  i n  a  medium i n  w hich  one o r  more 
components a r e  p r e s e n t  a t  su b o p tim a l am o u n ts, u n d e r  n i t r o g e n  
o r  p h o sp h a te  l i m i t a t i o n  o r  i n  th e  p re s e n c e  o f  i n h i b i t o r s  may 
le a d  to  en erg y  u n c o u p lin g  (S to u th am e r and  B e tte n h a u s s e n , 1975; 
S enez, 1 9 6 2 ). E n erg y  u n c o u p lin g  h a s  b een  p o s tu l a t e d  to  e x p la in  
th e  la r g e  m a in te n an c e  c o e f f i c i e n t  found  i n  A. v i n e l a n d i i  when
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f ix in g  m o le c u la r  n i t r o g e n  a t  h ig h  oxygen te n s io n s  (h a g a i and  
A iba, 1 9 7 2 ). T h is  h ig h  m a in ten an ce  c o e f f i c i e n t  i s  th o u g h t to  
he a  r e s u l t  o f  th e  e n e rg y  expended i n  th e  p r o t e c t io n  o f  th e  
n i t ro g e n a s e  system  from  oxygen ( P i r t ,  1975)-
The p ro d u c t io n  o f  se c o n d a ry  m e ta b o l i t e s ,  su ch  a s  
p e n i c i l l i n  by  P . chrysogenum , h a s  b een  c o n s id e re d  a s  a  m a in te n ­
ance en erg y  p ro c e s s  ( R ig h e la ta ,  T r in c i  and  P i r t ,  1 9 6 8 ).
S in c e  e n e rg y  r e q u i r e d  f o r  th e  developm en t o f  an  
e n e rg iz e d  membrane may r e q u i r e  a s  much a s  60% o f  th e  e n e rg y  
produced  by r e s p i r i n g  a n a e ro b ic  E . c o l i , t h i s  p r o c e s s  may 
c o n t r ib u te  i n  a  l a r g e  way to  th e  e n e rg y  u se d  f o r  m a in ten an ce  
(S tou tham er and  B e tte n h a u s s e n , 1 9 7 7 ).
D. The R e la t io n s h ip  Between Growth P a te  and  E n e rg y  o f  
M a in ten an ce .
One o f  th e  co n seq u en ces  o f  fo rm u lae  d e v e lo p e d  by  P i r t  
(1965), e q u a tio n  7? and  M arr e t  a l .  (1 9 6 3 ), e q u a tio n  4 ,  i s  
t h a t  th e  en e rg y  r e q u i r e d  f o r  m a in ten an ce  (m ) be  in d e p e n d e n tO
o f  grow th r a t e .  J u s t  a s  th e s e  a u th o r s  found  t h a t  th e  r e l a t i o n ­
sh ip  h e ld  t i n e  o v e r  a  ran g e  o f  g row th  r a t e s ,  s e v e r a l  a u th o r s  
have found  t h a t  th e s e  r e l a t i o n s h i p s  a r e  n o t  v a l i d  f o r  c e r t a i n  
organ ism s and  f o r  c e r t a i n  c o n d i t io n s  o f  g row th  (d e V rie s  e t  a l . , 
1970; Hobson and  Summers, 1967; C a r te r  e t  a l . , 1971; S to u th am er 
and B e tte n h a u s se n , 1 9 7 5 ). The la c k  o f  l i n e a r i t y  o f  th e  d o u b le  
r e c ip r o c a l  p l o t  o f  Y& v e r s u s  p . was shown to  be due to  th e  
in f lu e n c e  o f  p . on th e  en e rg y  y ie ld in g  m e tab o lism  and  on th e  
ATP y i e ld  o f  th e ' o rg an ism .
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S to u th am er and  B e tte n h a u s se n  (1975) found  a  much 
l a r g e r  /(D.0387 mol ATP (g  d ry  w e i g h t ) ” l ( h ) i n  t r y p t o ­
p h a n - l im ite d  a n a e ro b ic  ch em o sta t c u l tu r e s  o f  E . a e ro g e n e s  th a n  
in  g lu c o s e - l im i te d  c u l t u r e s  / 0 . 0068 mol ATP (g  d ry  w e ig h t) - '''
(n )-± 7 -  They co n c lu d ed  t h a t  p a r t  o f  th e  in c r e a s e d  m a in ten an ce  
energy  re q u ire m e n ts  i n  th e  t r y p to p h a n - l im i te d  c u l tu r e  was due 
to  g ro w th -d ep en d en t p r o c e s s e s  w hich w ere n o t  a s s o c ia te d  w ith  
th e  fo rm a tio n  o f  new c e l l  m a t e r i a l .  They p o s tu l a t e d  t h a t  th e s e  
g ro w th -d ep en d en t p r o c e s s e s  w ere n o t  t r u e  m a in ten an ce  f u n c t io n s .
I n v e s t ig a t io n s  c o n c e rn in g  c a r b o n - l im i te d  and  c a rb o n -
s u f f i c i e n t  ch em o sta t c u l tu r e s  o f  K. a e ro g e n e s  h a s  i n d ic a te d
th a t  m agn itude o f  th e  m a in ten an ce  c o e f f i c i e n t  was n o t  in d e p e n d e n t
o f grow th  r a t e  ( N e i j s s e l  and  T em pest, 1 9 7 6 a ) . R e s u l ts  o f  th e s e
ex p erim en ts  in d ic a te d  t h a t  th e  m a in ten an ce  r a t e  in c r e a s e d  2 .5  -
f o ld  o v er th e  ran g e  o f  g row th  r a t e s  (u )  from  ze ro  to  0 .5  ( h ) - "''.
N e i j s s e l  and Tem pest co n c lu d ed  t h a t  th e  m ain ten an ce  r a t e  c o u ld
c o n c e iv a b ly  in c r e a s e  w ith  g row th  r a t e  s in c e  f a s t  grow ing
organ ism s c o n ta in  a  h ig h e r  i n t r a c e l l u l a r  c o n c e n t r a t io n  o f
+  2+o s m o tic a l ly  a c t i v e  m o le c u le s  (K , Mg , and  g lu ta m a te  io n )  
and a  g r e a t e r  c o n te n t  o f  l a b i l e  m ac ro m o lecu le s , su ch  a s  ENA, 
th a n  do s lo w er grow ing o rg a n ism s .
As a  r e s u l t  o f  th e  ev id e n c e  t h a t  i n d i c a t e d  th e  m a in te n ­
ance c o e f f i c i e n t  was n o t  in d e p e n d e n t o f  g row th  r a t e ,  th e  
o r ig in a l  e q u a tio n  o f  P i r t  (1965) was m o d if ie d  to  c o r r e c t  f o r  
g ro w th -d ep en d en t m a in ten an ce  p r o c e s s e s .  S to u th am er and 
B e tten h au sse n  (1975) d e r iv e d  th e  e q u a tio n :
where q^ _grp i s  th e  s p e c i f i c  r a t e  o f  ATP p r o d u c t io n  e x p re s s e d  
a s  mol ATP(g d ry  w e ig h t ) “ ^ ( h ) - 1 , Y ^jp  i s  th e  g ro w th  y i e l d  p e r  
mol ATP c o r r e c te d  f o r  e n e rg y  o f  m a in te n a n c e  and  m i s  th e
— Xm ain ten an ce  c o e f f i c i e n t  e x p re s s e d  a s  m ol ATP(g d ry  w e ig h t) -  
( h ) - X  E q u a tio n  9 i n d i c a t e s  t h a t  q ^ p  i s  a l i n e a r  f u n c t io n  
o f p and  t h a t  Y ^ p  i s  d e p e n d e n t on th e  g ro w th  r a t e .  T h is  
r e l a t i o n s h i p  h a s  t e e n  o b se rv e d  f o r  L . c a s e i , S . c e r e v i s i a e ,
E. a e ro g e n e s  and  E . c o l i  (S to u th a m e r , 1 9 7 7 ) .
The r e l a t i o n s h i p  b e tw een  g ro w th  and  oxygen co n su m p tio n  
in  a e r o b ic  c h e m o s ta ts  was m o d if ie d  by  N e ig s s e l  and  Tem pest
(1976a) t o  a l lo w  th e  m a in te n a n c e  r a t e  o f  oxygen co n su m p tio n  to
v a ry  w ith  g row th  r a t e .  The a u th o r s  assum ed t h a t  i f  th e  m a in te n  
ance r a t e  v a r i e d  w ith  g ro w th  r a t e  i t  d id  so i n  a  l i n e a r  f a s h io n  
and d e r iv e d  th e  e q u a t io n :
1 1 „ m m= ^max: + cq  + q XQ I q ho *0
2 2 D 10
where Yq i s  g ro w th  y i e l d  p e r  am ount o f  oxygen consumed (g  d ry  
w eig h t p e r  mol Op) ,  Y^3"*' i s  th e  g ro w th  y i e l d  p e r  mol Op
c o r r e c te d  f o r  m a in te n a n c e , c i s  th e  c o n s ta n t  t h a t  d e f in e s  th e
m •i s
-1
v a r i a t i o n  i n  m a in te n a n c e  r a t e  w ith  g ro w th  r a t e  an d  q^ 
m ain ten an ce  c o e f f i c i e n t  e x p re s s e d  i n  m ol Op (g  d ry  w e ig h t ) ’ 
(h)’ 1.
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E. T h e o r e t ic a l  B a s is  o f  th e  M ain ten an ce  E n e rg y  F e rm e n te r .
S c h u ltz  and  G e rh a rd t (1969) i n  t h e i r  re v ie w  o f  d i a l y s i s  
c u l tu r e  c o n s id e re d  f o u r  modes o f  o p e r a t io n  i n  w hich  n u t r i e n t s  
were s u p p lie d  to  th e  c u l tu r e  th ro u g h  a  d ia ly z in g  membrane.
The c h a r a c t e r i s t i c s  o f  one o f  th e s e  c o n f ig u r a t io n s  (E ig u re  l a ) ,  
w ith  m o d if ic a t io n ,  can  be u se d  to  d e s c r ib e  th e  o p e r a t in g  
p r o p e r t i e s  o f  th e  m a in ten an ce  e n e rg y  f e rm e n te r s .  The a u th o r s  
were a b le  to  show t h a t  g row th  i n  d i a l y s i s  sy stem  c o u ld  be 
d e s c r ib e d  by  th e  r e l a t i o n s h i p :
{ j f  = Yx  ^SB ~ SP  -  Ye Yx X
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where X i s  th e  c e l l  c o n c e n t r a t io n  i n  g (m l) " " \  Y .^ i s  th e  y i e l d
c o e f f i c i e n t  f o r  c o n v e rs io n  o f  s u b s t r a t e  to  c e l l s  i n  g o f  c e l l s
(g o f  s u b s t r a t e ) - "'', i s  th e  membrane p e r m e a b i l i ty  c o e f f i c i e n t
f o r  s u b s t r a te  i n  cm (h)- \  i s  th e  a r e a  o f  th e  membrane i n  
2
cm , Sg i s  th e  g lu c o se  c o n c e n t r a t io n  i n  th e  r e s e r v o i r  cham ber 
in  g (m l)“ ^ , Sj, i s  th e  g lu c o se  c o n c e n t r a t io n  i n  th e  f e rm e n ta t io n  
chamber i n  g (m l) - \  V-p i s  th e  f e rm e n ta t io n  cham ber volum e i n  
ml and YE i s  th e  s p e c i f i c  m a in ten a n c e  r a t e  p e r  h .  The second  
term  i n  th e  e q u a tio n  r e p r e s e n t s  th e  am ount o f  c e l l  b iom ass 
consumed en d o g en o u sly  to  s u p p ly  th e  m a in te n an ce  demands o f  th e  
grow ing p o p u la t io n .  S in c e  a  d im e n s io n a l a n a l y s i s  o f  th e  te rm  
w  in d ic a te d  t h a t  th e  te rm  r e p r e s e n t s  g lu c o s e  consumed 
( m l ) ~ " ' " ( h ) t h e  a u th o r s  have m is s t a t e d  th e  e q u a t io n .  I f  th e  
m ain tenance c o e f f i c i e n t  Mc i s  s u b s t i t u t e d  f o r  Y^, th e  te rm  
would th e n  r e p r e s e n t  consum ption  o f  b io m ass  to  f u l f i l l  th e  
m ain tenance dem ands. S u b s t i t u t i o n  o f  Mc f o r  Yp i n  e q u a tio n  10
F ig .  l a .  D iagram m atic  r e p r e s e n t a t i o n  o f  th e  d i a l v s i s  c u l tu r e  
a p p a r a tu s  o f  S c h u l tz  an d  G e rh a rd t (1 9 6 9 ; show ing th e  
d e f in in g  c h a r a c t e r i s t i c s ;  f e rm e n te r  volum e (Vy) i n  
m l, f e rm e n te r  s u b s t r a t e  c o n c e n t r a t io n  (S-™) i n  g (m l) , 
c e l l  c o n c e n t r a t io n  (X) i n  g (m l) - 1 , r e s e r v o i r  volum e 
(Y-n) i n  m l, f lo w  r a t e  (F p) i n  m l(h ) - 1 , s u b s t r a t e  
c o n c e n t r a t io n  i n  f e d  s tre a m  (S p °) i n  g(m l)""1 , and  
s u b s t r a t e  c o n c e n t r a t io n  i n  e ffX u e n t s tre a m  (S-r,) i n  
g ( m l) - 1 .
F ig .  l b .  D iagram m atic  r e p r e s e n ta t i o n  o f  th e  m a in te n an ce  e n e rg y  





R e s e r v o i r  D i a l y z e r  F e r m e n t a t i o n
C o n t a i n e r  c o n t a i n e r
b.
R e s e r v o i r
C o n t a i n e r
F e r m e n t a t i o n  
C o n t a i n e r
D i a l y z e r ro
would c o r r e c t  th e  fo rm u la . The e q u a tio n  m  r e v i s e d  and 
c o r r e c t  form  w ould b e :
~  = Yx W SR " - M ^ rXd t   t?---------------- o x
F 12
where Mq i s  th e  m a in ten an ce  e n e rg y  c o e f f i c i e n t  e x p re s s e d  i n  
s u b s t r a te  (g  b a c t e r i a l  m a ss )_ 1 (h )" '‘*‘.
I n  th e  d i a l y s i s  c u l tu r e  sy stem , th e  s u b s t r a t e  concen­
t r a t i o n  i n  th e  f e rm e n ta t io n  c o n ta in e r  (SR) and  th e  g lu c o se  
c o n c e n tr a t io n  i n  th e  r e s e r v o i r  c o n ta in e r  (SR) w i l l  depend  on 
th e  a p p a ra tu s  d e s ig n  and  on th e  m ic ro o rg an ism  i n  c u l t u r e .  
M a th e m a tic a lly  SR i s  a  f u n c t io n  o f  th e  s u b s t r a t e  a f f i n i t y  




where Kg i s  th e  c e l l  g row th  c o n s ta n t  d ep en d en t on c e l l - s u b s t r a t e  
a f f i n i t y  i n  g (m l)- \  pmax i s  th e  maximum s p e c i f i c  g row th  r a t e  
c o n s ta n t i n  ( h ) “ \  and  D i s  th e  d i l u t i o n  r a t e  i n  ( h ) - '*'. SR 
i s  a  f u n c t io n  o f  membrane p e r m e a b i l i ty  and  i s  d e s c r ib e d  a s :
_ PMAMSF + V r 
R + Fr  1Z|_
where SR i s  th e  s u b s t r a t e  c o n c e n t r a t io n  i n  th e  r e s e r v o i r  f e e d  
in  g (m l)- ^ and  FR i s  th e  medium flo w  r a t e  th ro u g h  th e  r e s e r v o i r
in  m l(h ) - "1*.
The r e l a t i o n s h i p  d e s c r ib e d  i n  E q u a tio n  11 i n d i c a t e s  
t h a t  a s  g row th  c o n t in u e s  i n  th e  system  th e  m a in te n an ce  demands
o f th e  p o p u la t io n ,  e x p re s s e d  i n  th e  te rm  YgY^X, w i l l  in c r e a s e  
and d x /d t  w i l l  d e c re a s e  u n t i l  d x /d t  go es  to  z e ro .  A t t h i s  
p o in t ,  e q u a tio n  12 w i l l  r e d u c e , a f t e r  r e a r r a n g e m e n t , to :
yxpmam (sr - Sj.)
X =
MCVF 15
T h is  e q u a tio n  p r e d i c t s  t h a t  i f  F^ and  a r e  k e p t c o n s ta n t ,  
th e  u l t im a te  o r  maximum c e l l  b io m ass  i n  t h i s  sy stem  w i l l  be 
a f u n c t io n  o f  th e  c u l tu r e  1s m a in ten an ce  demand and  s u b s t r a t e  
a f f i n i t y  and  o f  membrane p e r m e a b i l i ty .
These e q u a t io n s  can  be m o d if ie d  to  d e s c r ib e  th e  m a in te n ­
ance en e rg y  f e rm e n te r  shown i n  a b b r e v ia te d  form  i n  F ig u re  l b .
In  t h i s  sy stem , th e  medium r e s e r v o i r  i s  n o t  u n d e rg o in g  d i a l y t i c  
t r a n s f e r  and  th e  e f f l u e n t  o f  th e  medium r e s e r v o i r  i s  g o in g  
d i r e c t l y  i n t o  th e  f e rm e n ta t io n  c o n ta in e r .  T h e re fo re ,  th e  
t r a n s f e r  o f  s u b s t r a t e  (P^A^) to  th e  f e rm e n ta t io n  c o n ta in e r  
becomes F ^ , S ,^ rem a in s  a s  d e s c r ib e d  i n  E q u a tio n  13 and  E q u a tio n  
15 re d u c e s  t o :
„  V SE - S]P
" ¥ l  16
E q u a tio n  16 p r e d i c t s  t h a t  th e  m ass i n  th e  m a in te n an ce  en e rg y  
fe rm e n te r  w i l l  be a  f u n c t io n  o f  th e  s u b s t r a t e  p r o v is io n  r a t e  
( th e  p ro d u c t o f  FR t im e s  S ^ ) , th e  f e rm e n te r  volum e, th e  sub ­
s t r a t e  a f f i n i t y  o f  th e  c u l t u r e  and  th e  m a in ten an ce  en e rg y  
demands o f  th e  c u l t u r e .  The o b v io u s  a d v a n ta g e  o f  th is q y s te m  
over d i a l y s i s  c u l t u r e  i s  t h a t  th e  p e r m e a b i l i ty  o f  th e  d i a l y s i s  
membrane i s  n o t  a  d e f in in g  p a ra m e te r  o f  th e  sy stem .
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Based on th e  a n a l y s i s  o f  th e  d i a l y s i s  c u l tu r e  by  
S c h u ltz  and  G e rh a rd t (1 9 6 9 ), th e  g row th  p a t t e r n  i n  th e  m a in te n ­
ance e n e rg y  fe rm e n te r  sh o u ld  c o n s i s t  o f  a t  l e a s t  th r e e  p h a s e s .  
C e ll g row th  a t  f i r s t  sh o u ld  be e x p o n e n t ia l  and  w ould p ro c e e d  
u n t i l  th e  s u b s t r a t e  c o n c e n t r a t io n  i n  th e  f e rm e n te r  became 
g r o w th - l im it in g .  A f te r  e x p o n e n t ia l  g ro w th , g row th  w ould be 
l i n e a r  and th e  r a t e  o f  m ass in c r e a s e  w ould be p r o p o r t io n a l  to  
th e  r a t e  o f  s u b s t r a t e  p r o v is io n .  E q u a tio n  12 can  be m o d if ie d  
to  d e s c r ib e  th e  l i n e a r  g row th  p h a se  i n  th e  m a in ten an ce  e n e rg y  
fe rm e n te r ,  s in c e  i s  e q u a l to  F ^ . E q u a tio n  12 w ould become:
dX  = T y
d t  X
Fr (Sr  -  sF)
_-7; mcx 17
T his e q u a tio n  p r e d i c t s  t h a t  th e  r a t e  o f  change o f  m ass w i l l  be 
l i n e a r  a t  th e  o u t s e t  o f  s u b s t r a t e  d ep en d en t grow th  i f  th e  
m ain tenance  demands o f  th e  p o p u la t io n  (m^X) a r e  sm a ll com pared 
to  th e  r a t e  o f  incom ing s u b s t r a t e  ^ ( S ^  -  S ^ ) . When th e  
m ain tenance demands become s i g n i f i c a n t  i n  te rm s  o f  incom ing  
s u b s t r a te ,  d x /d t  w i l l  d e c re a s e  and  c o n tin u e  to  d e c re a s e  -u n ti l  
d x /d t  i s  e q u a l to  z e ro . E q u a tio n  16 w i l l  d e f in e  t h i s  s t a t e  
( d x /d t  = 0 ) w here th e  incom ing  s u b s t r a t e  i s  j u s t  s u f f i c i e n t  
to  p ro v id e  th e  m a in ten an ce  demands o f  th e  p o p u la t io n .  E q u a tio n  
16 a l s o  p r e d i c t s  t h a t  th e  p e r io d  fo llo w in g  s u b s t r a t e  d ep en d en t 
grow th w i l l  be a  s te a d y  s t a t e  o f  c o n s ta n t  m ass w ith o u t g ro w th .
F. C h a r a c te r iz a t io n  o f  P h y s io lo g ic a l  S t a t e s  i n  M ain tenance  
E nergy  F e rm e n ta tio n .
A m ic ro b ia l  p o p u la t io n  grow ing i n  th e  m a in ten an ce  e n e rg y  
fe rm e n te r  w here i t s  u l t im a te  p o p u la t io n  d e n s i ty  i s  a  f u n c t io n
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o f i t s  m ain ten an ce  en e rg y  r e q u ire m e n ts  w ould be  i d e a l  f o r  th e  
in v e s t i g a t io n  o f  th e  p r o c e s s e s  t h a t  c o n t r ib u te  to  en e rg y  o f 
m ain tenance and th e  means by  w hich a  c e l l  r e g u la t e s  i t s  g row th  
in  re sp o n se  to  th e  amount o f  s u b s t r a t e  a v a i l a b l e .  S in c e  
p r o te in  tu rn o v e r  i s  p o s tu l a t e d  to  be one o f  th e  p r im a ry  
p ro c e s s e s  c o n t r ib u t in g  to  m a in ten an ce  e n e rg y  (M arr e t  a l . , 1963; 
H em pfling and  M ain ze r, 1975) an  i n v e s t i g a t i o n  i n t o  p r o t e i n  
tu rn o v e r  i n  m ain ten an ce  en e rg y  f e rm e n te r  c u l t u r e s  w ould i n d i c a t e  
how p r o te in  tu rn o v e r  c o n t r ib u te s  to  en e rg y  o f  m a in te n a n c e .
P ro te in  T urnover
P r o te in  d e g ra d a t io n  s e rv e s  an  im p o r ta n t  f u n c t io n  in  
b a c t e r i a l  c e l l s .  Through p r o t e in  tu rn o v e r  b a c t e r i a  can 
e l im in a te  abnorm al and  p o t e n t i a l l y  h a rm fu l p o ly p e p t id e s  w hich 
may r e s u l t  from  m u ta t io n s ,  b io s y n th e t i c  e r r o r s  o r  sp o n tan e o u s  
d e n a tu r a t io n .  In c re a s e d  p r o t e in  tu rn o v e r  a p p e a rs  t o  be an  
im p o rta n t p h y s io lo g ic a l  a d a p ta t io n  to  p o o r  n u t r i t i o n a l  c o n d i­
t io n s  (G oldberg  and  S t .  Jo h n , 1 9 7 6 ).
T here i s  some c o n f l i c t  among v a r io u s  i n v e s t i g a t o r s  a s  
to  th e  t r u e  r a t e  o f  p r o t e in  tu rn o v e r  i n  g row ing  and  n o n -g ro w in g  
b a c t e r i a l  p o p u la t io n s .  M andelstam  (1957) i n  an  e a r l y  
in v e s t i g a t io n  in to  p r o t e in  tu rn o v e r  i n d i c a t e d  t h a t  th e  r a t e  
o f p r o te in  tu rn o v e r  i n  grow ing c e l l s  o f  E . c o l i  in c r e a s e d  from  
an u n d e te c t iv e ly  low r a t e  o f  tu rn o v e r  to  5% (h)- '*' when c e l l s  
were d e p r iv e d  o f  e i t h e r  a  n i t r o g e n  so u rc e  o r  a  c a rb o n  so u rc e  
(M andelstam  and H a lv o rso n , 1959)* M andelstam  a l s o  found  t h a t  
th e  r a t e  o f  i n t r a c e l l u l a r  p r o t e i n  d e g ra d a t io n  in  n o n -g ro w in g  
c e l l s  was b a la n c e d  by  th e  r a t e  o f  r e in c o r p o r a t io n  o f  th e  amino
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a c id s  in to  p r o t e i n s .  O th e r  i n v e s t i g a t o r s ,  n o ta b ly  P in e  (1966; 
1970) and N ath  and Koch (1 9 7 0 ), found  e n t i r e l y  d i f f e r e n t  
r e s u l t s .  The c o n f l i c t  i n  th e s e  i n v e s t i g a t i o n s  may have 
r e s u l t e d  from  d i f f e r e n t  e x p e r im e n ta l  m e th o d o lo g ie s  u se d  f o r  
p r o te in  tu rn o v e r  and  th e  m easurem ent o f  d i f f e r e n t  com ponents 
o f  p r o te in  tu rn o v e r .
P r o te in  tu rn o v e r  may be  d i f f e r e n t i a t e d  i n t o  two 
c a te g o r ie s ;  i n t e r c e l l u l a r  ( th e  p r o c e s s  w here amino a c id  
r e s id u e s  d e r iv e d  from  damaged o r  s e c r e t i n g  c e l l s  a r e  n e u t r a l i z e d  
by o th e r  c e l l s )  and  i n t r a c e l l u l a r  ( th e  p ro c e s s  w here a  c e l l  
d eg rad es  and  r e s y n th e s iz e s  p r o t e in s  e x c lu s iv e ly  w i th in  i t s e l f )  
(L ev in e , 1 9 6 5 ). The m ost commonly m easu red  ty p e  o f  p r o t e in  
tu rn o v e r  i s  i n t r a c e l l u l a r .  M ost s tu d i e s  w hich m easure i n t r a ­
c e l l u l a r  tu rn o v e r  b a s e  th e  e x p e r im e n ts  on th e  r a t i o n a l e :  l )
i f  b a c t e r i a  a r e  grown from  a  sm a ll p o p u la t io n  s iz e  i n  th e  
p re se n c e  o f  an  amino a c id  l a b e l ,  a l l  s p e c ie s  o f  p r o t e i n  w i l l  
become l a b e le d ;  2 ) i n  c e r t a i n  s p e c ie s ,  i . e .  E . c o l i , th e  
e q u i l i b r a t i o n  o f  i n t r a c e l l u l a r  an d  e x t r a c e l l u l a r  p o o ls  o f  
amino a c id s  i s  e x tre m e ly  r a p id  and  th e  l o s s  o f  a  l a b e le d  amino 
a c id  from p r o te in s  and  th e  en trap m en t o f  t h a t  l a b e l  i n  a  l a r g e  
e x t r a c e l l u l a r  p o o l o f  u n la b e le d  amino a c id s  i s  a  m easure o f  
th e  d e g ra d a tio n  o f  th e  p r o t e in  (M andelstam , I9 6 0 ) .  T h is  m ethod 
o f  d e te rm in in g  i n t r a c e l l u l a r  p r o t e i n  d e g ra d a t io n  may be r e f e r r e d  
to  a s  amino a c id  ex ch an g e . One o f  th e  p i t f a l l s  i n  t h i s  
p ro c ed u re  i s  t h a t  i f  v a r io u s  c l a s s e s  o f  p r o te in s  tu rn o v e r  a t  
d i f f e r e n t  r a t e s ,  th e  p r o t e i n  t h a t  i s  d eg rad ed  and  r e s y n th e ­
s iz e d  m ost r a p i d ly  w i l l  have th e  h ig h e s t  s p e c i f i c  a c t i v i t y  
and w i l l  be r e f l e c t e d  i n  th e  m easu rem en ts  o f  p r o t e in  tu rn o v e r
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(M arr e t  a l . , 1963; M andelstam , 1957; Koch and  Levy, 1957) 
in to  p r o te in  tu rn o v e r  t r e a t e d  i t  a s  a  k i n e t i c a l l y  homogeneous 
p ro c e s s .
When p r o t e in  tu rn o v e r  was re c o g n iz e d  a s  a  k i n e t i c a l l y  
h e te ro g en eo u s  p r o c e s s ,  a s  w e ll  a s  b e t t e r  m e th o d o lo g ie s  
d ev e lo p ed , s e v e r a l  o f  th e  c o n f l i c t s  in v o lv in g  p r o t e i n  w ere 
r e s o lv e d . T ab le  2 l i s t s  th e  r a t e s  o f  p r o t e i n  tu rn o v e r  found  
by v a r io u s  a u th o r s  and  th e  m e th o d o lo g ie s  u s e d . The lo s s  o f  
amino a c id  from  i n t r a c e l l u l a r  p r o t e in  was r e f e r r e d  t o  a s  
p r o te in  d e g ra d a tio n  s in c e  tu rn o v e r  im p l ie s  th e  d e g ra d a t io n  
o f p r o te in s  to  amino a c id s  a s  w e ll  a s  th e  r e in c o r p o r a t io n  o f  
th e  amino a c id s  i n t o  p r o t e i n .  M andelstam  (1957) ancL Koch and 
Levy (1957) i n d ic a te d  t h a t  p r o t e in  i n  e x p o n e n t ia l  c e l l s  was 
s ta b le  o r  decayed  v e ry  s lo w ly . Koch an d  Levy u se d  a n  i n t e r n a l  
t r a p  (d e g ra d a tio n  o f  l a b e le d  p r o te in s  to  l a b e le d  g ly c in e  w hich  
a s  a  p u r in e  p r e c u r s o r ,  became t ra p p e d  i n  n u c le i c  a c id s )  to  
m easure th e  r a t e  o f  d e g ra d a t io n  /£"<0.1% (h)~^7‘ i n  grow ing c e l l s .  
In  su b seq u en t i n v e s t i g a t i o n s ,  w here p r o t e i n  was p u ls e  l a b e le d ,  
p r o te in  was found  to  be d eg rad ed  i n  g row ing  c e l l s  a t  two 
d i s t i n c t  r a t e s .  P in e  (1970) and  Math and  Koch (1970) found  
th a t  i n t r a c e l l u l a r  p r o t e i n  was d eg rad ed  a t  a  r a t e  o f  2 .5  to  
3 .0% (h)- ^ . N ath  and Koch u se d  a  p e r f u s io n  a p p a ra tu s  to  wash 
th e  e x t r a c e l l u l a r  amino a c id s  ( d e g ra d a t io n  p ro d u c ts  o f  p r o t e in )  
away from th e  c u l t u r e ,  th e r e b y  e l im in a t in g  e r r o r s  t h a t  may 
a r i s e  from  e x p en s iv e  e x p e r im e n ta l  m a n ip u la t io n s  o f  th e  c u l t u r e .  
These a u th o r s  a l s o  found  a  s lo w e r , i s o to p e  c o n c e n t r a t io n  and  
c u l tu re  c o n d i t io n  in d e p e n d e n t,  p r o te in  d e g ra d a t io n  r a t e .  They
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t i o n  R a te
% (h ) - l
P r o te in
Component
M easured
M ethod R e fe re n c e
E . c o l i PS G lu c o s e - l im ite d 3 .2 a b M arr, N ils o n  & C la rk , 
1965
E . c o l i  B ( le u  ) N on-grow ing 
(am ino a c id  
s t a r v a t i o n ) 5 a b M andelstam , 1957
E . c o l i B E x p o n e n tia l s t a b l e a b M andelstam , 1957
E . c o l i B E x p o n e n tia l 0 .1 a c Koch & Levy, 1957
E . c o l i  GLCleu ) N on-grow ing 
(am ino a c id  
s t a r v a t i o n ) 5 .1 d e P in e , 1966
It H 3-9 f e 11
IT E x p o n e n tia l 3 .6 d e If
ft II 1 .3 f e 1
E . c o l i B E x p o n e n tia l  
(g lu c o s e  grown) 2 .5 g e P in e , 1970
(A c e ta te  grown) 3 .0 g e It
E . c o l i B E x p o n e n tia l 2 .5 g h N ath  & Koch, 1970
It It 0 .2  -  0 .6 g . h It
E . c o l i K12 E x p o n e n tia l 0 .1 6 -  0 .1 8  i d L e v in e , 1965
Table 2. continued
a .  A verage i n t r a c e l l u l a r  p r o t e i n  d e g r a d a t io n .
b .  C o n tin u o u s  l a b e l i n g  fo llo w e d  b y  am ino a c id  ex ch an g e .
c .  C o n tin u o u s l a b e l i n g ,  i n t e r n a l  t r a p .
d . I n t r a c e l l u l a r  p r o t e i n  d e g ra d a t io n  o f  new ly  l a b e le d  m ost a c t i v e  s u b s t r a t e s .
e .  P u l s e - l a b e l in g  fo llo w e d  by  am ino a c id  ex ch an g e .
f .  I n t r a c e l l u l a r  p r o t e i n  d e g ra d a t io n  o f  ag ed  m ost a c t i v e  s u b s t r a t e s .
g . I n t r a c e l l u l a r  p r o t e i n  d e g ra d a t io n  o f  m ost a c t i v e  s u b s t r a t e s .
h .  P e r f u s io n  a p p a r a tu s ,  p u ls e  l a b e l i n g ,  am ino a c id  ex ch an g e .
i .  I n t e r c e l l u l a r  p r o t e i n  tu r n o v e r .
14j .  E q u i l ib r iu m  a p p a r a tu s ,  c o n tin u o u s  l a b e l i n g ,  a p p e a ra n c e  o f  C - th re o n in e  i n  
u n la b e le d  c u l t u r e .
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h y p o th e s iz e d  t h a t  th e  lo w er r a t e  may have been  a  r e s u l t  o f
c e l l  l y s i s  o r  s lo u g h in g  o f  p r o t e in  from  th e  c e l l .
The i n t e r c e l l u l a r  com ponent o f  p r o t e in  tu rn o v e r  was
m easured by  L ev ine  (1965) i n  an  e q u i l ib r iu m  a p p a r a tu s  w here
14-c u l tu r e  f i l t r a t e s  w ere exchanged betw een  O -th re o n in e  l a b e le d  
and u n la b e le d  c u l t u r e s .  The r a t e  o f  i n t e r c e l l u l a r  tu rn o v e r  
in  a grow ing c u l tu r e  o f  E . c o l i  was fo u n d  to  be 0 .1 6 -0 .1 8 % (h )“ '*' 
The s tu d ie s  o f  i n t r a c e l l u l a r  p r o t e in  d e g ra d a t io n  by  
P ine  (1965) in d ic a te d  t h a t  g row ing  c e l l s  c a ta b o l i z e  new ly  
s y n th e s iz e d  p r o t e in  a t  a  r a t e  com parab le  to  s ta r v in g  c e l l s  
b u t m e ta b o liz e  more s t a b l e  p r o t e i n  a t  a  r a t e  l e s s  th a n  h a l f  
t h a t  o f  th e  new ly  s y n th e s iz e d  p r o t e i n s .  P in e  f u r t h e r  co n c lu d ed  
th a t  i n t r a c e l l u l a r  p r o t e in  d e g ra d a t io n  a p p e a rs  to  be a  con­
s t i t u t i v e  p r o c e s s  s im i l a r  u n d e r  c o n d i t io n s  o f  c e l l u l a r  g row th  
and grow th a r r e s tm e n t ,  p ro v id e d  tu rn o v e r  i s  m easured  o v e r 
s h o r t  tim e  p e r io d s  and  from  th e  p r o te in s  m ost a c t i v e l y  d eg rad ed  
Both P in e  (1970) and N ath  and  Koch (1970) found  t h a t  i n  g row ing  
c u l tu r e s  th e  r a t e  o f  p r o t e in  d e g ra d a t io n  was i n v e r s e ly  
p r o p o r t io n a l  to  i t s  age  and  t h a t  c e l l  p r o t e in s  i n  o ld e r ,  more 
s lo w ly  grow ing c e l l s  a r e  l e s s  s u s c e p ta b le  to  p r o t e o l y s i s  th a n  
a re  more r e c e n t l y  s y n th e s iz e d  p r o t e i n s .  S in c e  th e  r a t e  o f  
p r o te o ly s i s  was n e a r ly  c o n s ta n t  i n  th e  s lo w ly  grow ing c e l l ,  
a f a i r l y  p r o p o r t io n a te  in c r e a s e  i n  th e  d e g ra d a t io n  o f  p r o te in s  
o f a l l  a g es  m ust o c c u r .
The r a t e  o f  i n t r a c e l l u l a r  p r o t e in  d e g ra d a t io n  d e t e r ­
mined f o r  grow ing c u l t u r e s  do es  n o t  a p p ly  to  a l l  p r o te in s  
w ith in  th e  c e l l .  N ath  and  Koch (1970) c a l c u l a t e d  t h a t  o n ly
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2 to  7% o f  "blie t o t a l  c e l l u l a r  p r o t e in  i s  d eg rad ed  a t  th e  
r a p id ly  o c c u r r in g  r a t e .
P r o te in  d e g ra d a t io n  i n  E . c o l i  i s  r e g u la te d  c o o r d in a te ly  
w ith  n e t  ENA. s y n th e s i s  and  o th e r  g r o w th - r e la te d  p r o c e s s e s  
(G oldberg  and S t .  Jo h n , 1 9 7 6 ). C o n d it io n s  w hich  re d u c e  e i t h e r  
th e  su p p ly  o f  am ino a c id s  f o r  p r o t e i n  s y n th e s i s  o r  a l t e r  th e  
energy  l e v e l s  o f  c e l l s  enhance p r o t e o l y s i s  and  d e c re a s e  ENA 
s y n th e s i s .  These changes have b een  c o r r e l a t e d  w ith  changes 
in  th e  i n t r a c e l l u l a r  l e v e l s  o f  g u a n o s in e  te t r a p h o s p h a te  
(G oldberg  and  S t .  Jo h n , 1 9 7 6 ).
In c re a s e d  p r o t e in  d e g ra d a t io n  i n  E . c o l i  h a s  been  
d em o n stra ted  i n  c o n d i t io n s  when c e l l s  a r e  d e p r iv e d  o f  amino 
a c id s ,  n i t r o g e n ,  g lu c o se  and  v a r io u s  in o rg a n ic  n u t r i e n t s  
(p h o sp h a te , p o ta s s iu m , and  m agnesium ) (G o ld b erg  and  S t .  Jo h n , 
1976). E . c o l i  a l s o  s e l e c t i v e l y  d e g ra d e s  a b e r r a n t  p r o t e in  
which may be p ro d u ced  b y  m u ta t io n a l ,  b io s y n th e t i c  o r  p o s t t r a n s -  
l a t i o n a l  e v e n ts .  These a b e r r a n t  p r o t e in s  w hich  a r e  s u b je c t  to  
in c re a s e d  p r o t e o l y s i s  r a t e s  a r e  o f  s e v e r a l  ty p e s :  1 ) p r o te in s
t h a t  c o n ta in  am ino a c id  a n a lo g s ,  2 ) p re m a tu re ly  te rm in a te d  
p o ly p e p t id e s ,  3) in c o m p le te  p r o t e in s  t h a t  c o n ta in  norm al 
ca rb o x y l ends b u t  abnorm al amino t e r m in a l s ,  4 )  c e r t a i n  p r o te in s  
t h a t  a r e  p ro d u ced  i n  c e r t a i n  t e m p e r a tu r e - s e n s i t iv e  o r  o sm o tic -  
re m ed ia l m u ta n ts , 5) th e  e x c e ss  s u b u n i ts  (B and  B ')  o f  ENA 
po lym erase  p ro d u ced  i n  m e ro d ip lo id s ,  and  6 ) p r o te in s  t h a t  
a r i s e  from  red u c e d  f i d e l i t y  o f  p r o t e in  s y n th e s i s  (G o ld b erg  and  
S t .  Jo hn , 1976)..
Two d i s t i n c t  d e g ra d a t iv e  sy stem s have been  p o s tu l a t e d  
to  fu n c t io n  i n  p r o t e o l y s i s  i n  E . c o l i , one i n  th e  d e g ra d a t io n
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of a b e r r a n t  p r o t e in s  and  one i n  th e  d e g ra d a t io n  o f  p r o te in s  
p roduced  d u r in g  th e  d e p r iv a t io n  o f  an  e s s e n t i a l  n u t r i e n t  
(G ottesm an and Z ip s e r ,  1978; M i l l e r  and  Z ip s e r ,  1977)- The 
d e g ra d a tio n  o f  a b e r r a n t  p r o te in s  a p p e a rs  to  req u ire*  en e rg y  
s in c e  d e g ra d a tio n  o f  t h i s  c l a s s  o f  p r o te in s  i s  i n h i b i t e d  by  
energy  p o is o n s  such  a s  c y an id e  o r  a z id e  (G ottesm an and  Z ip s e r ,  
1978). I n  E. c o l i  i t  i s  u n c le a r  w h e th e r  th e  d e g ra d a t io n  
'system s in v o lv e  d i f f e r e n t  p r o t e o l y t i c  enzymes (G o ld b erg  and  
S t .  Jo h n , 1 9 7 6 ). T here i s  e v id e n c e  t h a t  s e r in e  p r o te a s e s  
a re  in v o lv e d  i n  th e  d e g ra d a t io n  o f  p r o te in s  p ro d u ced  i n  E . c o l i  
which was d e p r iv e d  o f  g lu c o s e .  The i n h i b i t i o n  o f  th e s e  
enzymes d id  n o t  re d u ce  th e  r a t e  o f  p r o t e o l y s i s  o f  a n a lo g  
c o n ta in in g  p r o t e in s  b u t  d id  i n h i b i t  th e  r a t e  o f  p r o t e o l y s i s  
in  E. c o l i  d e p r iv e d  o f  g lu c o se  (G o ld b erg  and  S t .  Jo h n , 1 9 7 6 ).
f i-G a la c to s id a se  I n d u c t io n .
I n v e s t i g a t i o n s  c o n c e rn in g  th e  enzym e, p - g a l a c to s id a s e ,  
would be e x tre m e ly  u s e f u l  i n  a s s e s s in g  th e  p r o t e i n  s y n th e s iz in g  
c a p a b i l i t y ,  tu rn o v e r  o f  a  s in g le  ty p e  o f  enzyme and  g e n e t ic  
r e g u la t io n  i n  m a in ten an ce  e n e rg y  fe rm e n te r  c u l t u r e s  o f  E . c o l i . 
T h e o r e t ic a l ly ,  t h i s  enzyme w ould be in d u c ib le  i n  m a in ten an ce  
energy  p h ase  c u l t u r e s  o f  E . c o l i  B when th e  g lu c o se  c o n c e n tr a ­
t io n  in  th e  fe rm e n te r  f a l l s  to  i t s  minimum l e v e l ,  w hich o c c u rs  
a t  th e  end o f  e x p o n e n t ia l  g row th  p h a s e .  P r i o r  to  t h i s  t im e , 
th e  enzyme w ould be s u b je c t  to  c a t a b o l i t e  r e p r e s s io n  due to  
g lu co se  e x c e ss  (P a s ta n  and  P erlm an , 1 9 7 0 ). The i n d u c i b i l i t y  
o f p - g a la c to s id a s e  i n  ch em o sta t c u l t u r e s  when grown a t  low
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s p e c i f i c  g row th  r a t e s  ( r e s i d u a l  g lu c o se  i n  f e rm e n ta t io n  v e s s e l  
e s s e n t i a l l y  z e ro )  h a s  b een  r e p o r te d  (D ean, 1 9 7 2 ).
^ - g a la c to s id a s e  h a s  b een  in d u ce d  i n  c u l t u r e s  o f  E. 
c o l i  w hich w ere i n  v a r io u s  s t a t e s  o f  e n e rg y  l i m i t a t i o n  o r  
d e p le t io n  o f  an  e s s e n t i a l  n u t r i e n t .  The r a t e  o f  ^ - g a la c to s id a s e  
s y n th e s is  i n  an  a r g i n in e - r e q u i r i n g  s t r a i n  s ta r v e d  f o r  a r g in in e  
was com parable  to  th e  r a t e  o f  s y n th e s i s  i n  u n s ta r v e d  c e l l s  
(M andelstam , 1 9 6 1 ). U r a c i l  d e p r iv a t io n  d id  n o t  s i g n i f i c a n t l y  
a l t e r  th e  c e l l ' s  a b i l i t y  to  s y n th e s iz e  ^ - g a la c to s id a s e  b u t  
thym ine d e f ic ie n c y  re d u ce d  th e  r a t e  o f  s y n th e s i s  o f  J3 -g a lac - 
to s id a s e  by  a b o u t 50% (M andelstam , 1 9 6 1 ). M andelstam  (1961) 
a ls o  s tu d ie d  th e  r a t e  o f  t o t a l  p r o t e in  s y n th e s i s  i n  c e l l s  
induced  f o r  ^ - g a la c to s id a s e  and  co n c lu d ed  ’P -g a la c to s id a s e  
form s an  a p p ro x im a te ly  c o n s ta n t  f r a c t i o n  o f  th e  t o t a l  p r o t e in  
s y n th e s iz e d  w h e th e r  th e  c e l l s  a r e  g row ing o r  n o t .  M andelstam  
d id  r e p o r t  t h a t  th e  p re s e n c e  o f  a  c a rb o n  so u rc e  su ch  a s  
s u c c in a te ,  when c e l l s  w ere s ta r v e d  f o r  n i t r o g e n  o r  an  amino 
a c id ,  i n h i b i t e d  J 3 -g a la c to s id a se  s y n th e s i s .  M andelstam  e x p la in e d  
th e  c a p a c i ty  f o r  J 3 -g a la c to s id a s e  s y n th e s i s  i n  n o n -g ro w in g  c e l l s  
a s  b e in g  a  r e s u l t  o f  p r o t e in  d e g ra d a t io n  and  in c o r p o r a t io n  o f  
th e  f r e e d  amino a c id s  i n t o  ^ - g a l a c to s id a s e .  The m easured  r a t e  
o f p r o te in  d e g ra d a t io n  (5% p e r  h )  was com parab le  to  th e  
ob serv ed  r a t e  o f  ^ - g a la c to s id a s e  s y n th e s i s .  P a lm er and  
M a lle t te  (1961) a l s o  found  t h a t  c e l l s  o f  E . c o l i  c o u ld  s y n th e ­
s iz e  enzyme i n  th e  ab sen ce  o f  b o th  exogeneous n i t r o g e n  and  
en erg y .
The r a t e  o f  ^ - g a la c to s id a s e  s y n th e s i s  i n  e x p o n e n t ia l  
phase seems to  be t i g h t l y  co u p le d  to  th e  o v e r a l l  r a t e  o f
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p r o te in  s y n th e s is  s in c e  a  c o n s ta n t  p r o p o r t io n  o f  th e  new ly  
sy n th esized , c e l l  m ass i s  ^ 3 -g a la c to s id a s e  (B ruenn and  K ane, 
1976).
B ac te rio p h ag e  I n f e c t i o n
The re sp o n s e  o f  m a in ten an ce  e n e rg y  p h ase  c u l t u r e s  o f  
E. c o l i  B to  B a c te r io p h a g e  i n f e c t i o n  sh o u ld  h e  i n d i c a t i v e  o f  
th e  en erg y  s t a t e  o f  th e  c e l l  and  w h e th e r  th e  m a in ten an ce  
energy  p h ase  c e l l  t i g h t l y  c o n t r o l s  th e  c e l l u l a r  p r o c e s s e s  
which r e q u i r e  e n e rg y .
S in c e  a  b a c t e r i a l  p o p u la t io n  m ust be b ro u g h t to  th e  
m ain tenance  en e rg y  p h a se  u n d e r  e n e r g y - l im i t in g  c o n d i t io n s ,  
b a c te r io p h a g e  i n f e c t io n s  o f  m a in ten an ce  e n e rg y  p h a se  c e l l s  
m ust be s tu d ie d  w ith  a  b a c te r io p h a g e  c a p a b le  o f  i n f e c t i n g  
E. c o l i  B i n  a  m in im al medium. The i n f e c t i v i t y  o f  b a c t e r i o ­
phage T^ f o r  E . c o l i  B grown i n  m in im al medium h a s  b een  
shown to  c o n s i s t  o f  two s u b p o p u la t io n s  o f  b a c te r io p h a g e  in  
te rm s o f t h e i r  re q u ire m e n t o f  t ry p to p h a n  f o r  a d s o r p t io n  
(A nderson , 1948a) .
The l a t e n t  p e r io d  and  th e  num ber o f  v i r a l  p ro g e n y  
produced  d u r in g  th e  g row th  c y c le  o f  T^ have b een  d e m o n s tra te d  
to  be a f u n c t io n  o f  th e  h o s t  c e l l s '  p h y s io lo g ic a l  s t a t e  and  
th e  medium i n  w hich i t  i s  grow n. D e lb ru ck  (1940) d e m o n s tra te d  
t h a t  th e  l a t e n t  p e r io d  was in c r e a s e d  from  17 min to  30 min 
when T^ i n f e c t e d  s t a t i o n a r y  p h a se  c e l l s  a s  opposed  t o  expo­
n e n t i a l  p h a se  c e l l s  o f  E . c o l i  B. C o n c o m ita n tly  th e  b u r s t  
s iz e  was d e c re a se d  from  170 to  20 phage  p ro g e n y  p e r  i n f e c t e d  
b a c t e r i a l  h o s t .  The l a t e n t  p e r io d  h a s  a l s o  b een  d e m o n s tra te d
to  be a f u n c t io n  o f  th e  g row th  r a t e  o f  th e  h o s t  b a c t e r i a  
( E l l i s  and B e lb ru c k , 1939)* The v a l i d i t y  o f  t h i s  f in d in g  
may be  q u e s tio n e d  s in c e  th e  a u th o r s  u se d  te m p e ra tu re  a s  a  
means o f  a l t e r i n g  g row th  r a t e  and te m p e ra tu re  was shown to  
in f lu e n c e  th e  r a t e  o f  i n f e c t i o n .  Growth o f  T^ on E . c o l i  
grown i n  m inim al medium a l s o  red u c ed  th e  b u r s t  s i z e  to  30 to  
40 v i r a l  p ro g en y .
The a d s o rp t io n  o f  T^ to  th e  E . c o l i  c e l l  s u r f a c e  
in v o lv e s  th e  s p e c i f i c  a t ta c h m e n t o f  t a i l  f i b e r s  to  th e  
b a c t e r i a l  r e c e p to r  (Simon and  A nderson , 1967a) fo llo w e d  by  
changes in  t h e i r  c o n t r a c t i l e  t a i l  s h e a th s  and  b a se  p l a t e s  
(Simon and A nderson , 1 9 6 7 b ). The p ro p o se d  b a c t e r i a l  r e c e p to r  
s i t e  f o r  T^ i s  th e  te r m in a l  * < - ( l —^  3 -  l in k e d )  g lu c o se  
r e s id u e  o f  th e  l ip o p o ly s a c c h a r id e  m o lecu le  (Prehm e t  a A . , 
1976). Prehm e t  a l .  (1967) p o s tu l a t e d  t h a t  th e  l ip o p o ly s a c ­
c h a r id e  m o lecu le  c o n ta in e d  r e c e p to r s  f o r  b o th  th e  lo n g  and  
sh o r t  t a i l  f i b e r s  o f  T^. The a c t u a l  s i t e  o f  a d s o r p t io n  and  
i n j e c t i o n  o f  v i r a l  ENA a p p e a rs  t o  be  a r e a s  o f  w all-m em brane 
a s s o c ia t io n  (B ay e r, 1 9 6 8 ). The num ber o f  w all-m em brane 
a s s o c ia t io n s  found  i n  e x p o n e n t ia l ly  grow ing E . c o l i  was 200 
to  400 and  t h i s  number was m atched  by  th e  s a tu r a t i o n  c a p a c i ty  
o f E . c o l i  by  T^ (B ay e r, 1 9 6 8 ).
CHAPTER II
MATERIALS AM) METHODS
A. The M ain ten an ce  E nergy  F e rm e n te r .
The m a in ten an ce  e n e rg y  f e rm e n te r  i s  sh o rn  s c h e m a t ic a l ly  
in  E ig u re  2 . The a p p a r a tu s  was e s s e n t i a l l y  a c o n tin u o u s  
c u l tu r e  d e v ic e  f i t t e d  w ith  a  system  f o r  b iom ass fe e d b a c k . The 
fe rm e n ta t io n  v e s s e l  c o n s is te d  o f  a  1 L, 5 -n eck  b o i l i n g  f l a s k .  
Each neck  was f i t t e d  w ith  a  2 4 /4 0  t e f l o n  a d a p to r  clam ped i n  
p la c e .
C u ltu re  medium was pumped from  th e  medium r e s e r v o i r  
to  th e  fe rm e n te r  by  means o f  a  p e r i s t a l t i c  pump (H a rv a rd , 
model 1201, M i l l i s ,  MA). T ubing  i n  th e  medium a d d i t i o n  system  
was e i t h e r  g la s s  o r  s i l i c o n i z e d  s t a i n l e s s  s t e e l .  S i l i c o n e  
ru b b e r tu b in g  was u se d  i n  th e  p e r i s t a l t i c  pump w hich  was 
housed i n  a  c lo s e d  c o n ta in e r .
The f e rm e n ta t io n  v e s s e l  and  p e r i s t a l t i c  pump c o n ta in e r  
were c o n tin u o u s ly  f lu s h e d ,  and  th e  medium r e s e r v o i r  was sp a rg e d  
w ith  o x y g e n -fre e  n i t r o g e n .  N itro g e n  was made o x y g e n -fre e  by  
p assag e  th ro u g h  an  a l k a l i n e  s o lu t io n  o f  10% (w /v ) p y r o g a l lo l  
and 10% (w /v ) Na2C0^. The n i t r o g e n  flo w  r a t e  i n t o  th e  medium 
r e s e r v o i r  was b e tw een  1 .0  and  1 .5  L (m in )- "1' and  th e  f lo w  r a t e  
in to  th e  f e rm e n ta t io n  v e s s e l  was betw een  0 .5  and  0 .5  L (m in )” ^ .
The n i t r o g e n  e n te r in g  th e  medium r e s e r v o i r  and  ferm en­
t a t i o n  v e s s e l  was s t e r i l i z e d  b y  p a s sa g e  th ro u g h  a  s t e r i l e
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F ig .  2 . S ch em atic  d iag ram  o f  m a in ten a n c e  e n e rg y  f e rm e n te r  
show ing th e  d e f in in g  p a ra m e te r s :  f e rm e n te r  volume
(Vj,) i n  m l, s u b s t r a t e  c o n c e n t r a t io n  i n  medium 
r e s e r v o i r  (SR) i n  p m o l(m l)-  , s u b s t r a t e  c o n c e n tra ­
t i o n  i n  f e rm e n te r  (S-™) i n  p m o l(m l)- 1 , c e l l  
c o n c e n t r a t io n  (X) i n  p g ( m l ) - l ,  f lo w  r a t e  i n to  
f e rm e n te r  (F-o) i n  m l ( h l - l ,  and  flo w  r a t e  from  
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f i l t e r  h o u s in g  ( B a ls to n ,  m odel 95E> A ndover, MA) c o n ta in in g  a  
s t e r i l e  m ic r o f ib e r  f i l t e r  tu b e  (m odel AA). Gas from  th e  
fe rm e n te r  was v e n te d  th ro u g h  a  s t e r i l e  f i l t e r  ( B a ls to n ,  
model 9 0 ) .
The b io m ass fe e d b a c k  system  c o n s is te d  o f  a  t h i n  
channel r e c i r c u l a t i n g  s e p a r a to r  (Amicon, m odel TC1R, L e x in g to n , 
MA), a  r o t a r y  vane pump (P ro c o n , m odel 1621XL, M u rfre e sb o ro ,
TE), c o u p led  to  a  v a r i a b l e  sp eed  m o to r, and  a  m ic ro m e te r in g  
v a lv e  (W hitney , m odel SS-22R S4). The s e p a ra to r ,  a s se m b ly  was 
f i t t e d  w ith  a  0 .2  urn p o ly c a rb o n a te  membrane f i l t e r  (U u c le p o re ) . 
The s e a l  and  i n t e g r i t y  o f  th e  membrane f i l t e r  i n  th e  s e p a r a to r  
were a s s u re d  by  c o n d u c tin g  a  b u b b le  p o in t  t e s t  a c c o rd in g  to  
th e  m a n u f a c tu r e r 's  i n s t r u c t i o n s .
The m a in ten a n c e  en e rg y  f e rm e n te r  was o p e ra te d  b y  pum ping 
c u l tu r e  from  th e  f e rm e n te r  v e s s e l  a c r o s s  th e  f i l t e r  and  
r e tu r n in g  th e  c u l tu r e  t o  th e  f e rm e n te r .  The c u l t u r e  p ro v id e d  
to  th e  s e p a r a to r  a ssem b ly  was c o n t r o l l e d  by  th e  v a r i a b l e  speed  
pump and was u s u a l l y  220 to  300 m l(m in)~'*'. The r a t e  o f  
f i l t r a t e  rem oval (Eg) from  th e  s e p a r a to r  a ssem b ly  was c o n t r o l l e d  
by a  m ic ro m e te r in g  v a lv e  and  was s e t  e q u a l to  th e  r a t e  o f  
g lu co se  p r o v is io n  (ER) .  When Eg was e q u a l to  ER th e  volum e 
o f th e  f e rm e n te r  (Vj.) rem ain ed  c o n s ta n t .
The h y d ro g en  io n  c o n c e n t r a t io n  was m o n ito re d  w i th  a  
co m b in a tio n  pH e le c t r o d e  f i t t e d  d i r e c t l y  i n t o  th e  f e rm e n ta t io n  
v e s s e l  th ro u g h  one o f  th e  n e c k s .  The pH o f  th e  c u l t u r e  was 
m a in ta in e d  a t  7 -0  b y  th e  c o n tin u o u s  a d d i t i o n  o f  2N NaOH b y  a  
m e te r in g  pump. The a n a e ro b ic  n a tu r e  o f  th e  c u l tu r e  was con­
firm ed  by  m o n ito r in g  th e  re d o x  p o t e n t i a l  o f  th e  f i l t r a t e  w ith
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a co m b in a tio n  p la tin u m  e l e c t r o d e .  The p la t in u m  e le c t r o d e  was 
f i t t e d  i n to  a  g l a s s  c o n ta in e r  c o n n e c ted  t o  th e  f i l t r a t e  l i n e .
The te m p e ra tu re  o f  th e  c u l tu r e  was m a in ta in e d  i n  a l l  
ex p erim en ts  a t  30° -  0 .5 °C  b y  p la c in g  th e  f e rm e n ta t io n  v e s s e l  
in  a  c o n s ta n t  te m p e ra tu re  w a te r  b a th .
The e n t i r e  sy s tem , e x c e p t th e  medium r e s e r v o i r ,  was 
s t e r i l i z e d  w ith  a  s o lu t io n  o f  5% ( v /v )  fo rm ald eh y d e  f o r  a 
c o n ta c t  tim e  o f  48 h .  The fo rm ald eh y d e  was rem oved b y  s u c e s -  
s iv e  r in s in g  w ith  3 volum es o f  s t e r i l e  medium.
The f e rm e n te r  was in o c u la te d  o r  sam pled  th ro u g h  a  3-way 
b a l l  v a lv e  (W hitey , m odel SS4XS6) f i t t e d  i n  th e  c u l tu r e  r e t u r n  
l in e  from  th e  s e p a r a to r .  Sam ples w ere w ithd raw n  o r  th e  
inoculum  added  w ith  a  s y r in g e  th ro u g h  one p o r t  o f  th e  3-way 
v a lv e  w hich was f i t t e d  w ith  a  serum  b o t t l e  c a p .
When th e  a p p a ra tu s  was o p e ra te d  a s  a  c h e m o s ta t, th e  
s e p a ra to r  was rem oved and  th e  e x i t  l i n e  o f  th e  f e rm e n ta t io n  
v e s s e l  was c o n n e c te d  to  one c h a n n e l o f  th e  H arv ard  pump.
B. C u ltu re  Medium and  I n o c u la t io n  o f  F e rm e n te r .
M inim al medium (D av is  an d  M in g io l i ,  1950) was u se d  
in  a l l  e x p e r im e n ts  in v o lv in g  e i t h e r  th e  c h e m o s ta t o r  th e  
m ain ten an ce  e n e rg y  f e rm e n te r .  G lucose  a t  th e  c o n c e n t r a t io n s  
ra n g in g  from  1 4 .5  to  3 .4  jim o l(m l)- l  was found  to  be g row th  
l i m i t i n g .  The re d u c in g  a g e n t  d i t h i o t h r e i t o l  (DTT)(Sigm a) 
was added  a t  a  c o n c e n t r a t io n  o f  10 /ag (m l)-1  to  in s u r e  th e  
a n a e ro b ic  n a tu r e  o f  th e  g row th  medium. The c u l tu r e  medium 
was a u to c la v e d  i n  e i t h e r  10 L o r  18 L b a tc h e s .
4-3
C u ltu r e s  o f  E . c o l i  B w ere m a in ta in e d  on s l a n t s  o f  
m inim al medium c o n ta in in g  1 .2 5  m g(m l)- ^ g lu c o s e ,  s to r e d  a t  
4°C and t r a n s f e r r e d  m o n th ly . A t 6 m onth i n t e r v a l s ,  t h i s  
c u l tu r e  was r e p la c e d  b y  t r a n s f e r  o f  a  c u l t u r e  from  -70°C  
s to r a g e .  F ro zen  c u l t u r e s  w ere m a in ta in e d  i n  t r y p t i c  soy  
b ro th  su p p lem en ted  w ith  0.5%  y e a s t  e x t r a c t ,  0.1% g lu c o se  and  
10% d im e th y l s u l f o x id e .
The f e rm e n te r  was in o c u la te d  w ith  30 ml o f  a  10 h  
c u l tu r e  o f  a n a e r o b ic a l ly  grown E . c o l i  B. The inocu lum  was 
grown i n  m inim al medium w ith o u t  DTT and  was p r e p a re d  from  
c e l l s  w hich had  p r e v io u s ly  b een  t r a n s f e r r e d  tw ic e  u n d e r  
a n a e ro b ic  c o n d i t io n s .  A l l  m a n ip u la t io n s  o f  th e  inooulum  
were co n d u c ted  i n  an  a n a e ro b ic  cham ber. A l l  m edia u se d  i n  th e  
p r e p a r a t io n  o f  th e  inocu lum  w ere re d u c e d  p r i o r  to  u se  f o r  24 
to  48 h  i n  th e  a n a e ro b ic  cham ber.
0 . C e l lu l a r  A ssa y s .
At r e g u l a r  i n t e r v a l s ,  sam ples w ere w ithdraw n  from  th e  
fe rm e n te r  and  a n a ly z e d . Each sam ple was checked  f o r  c u l tu r e  
p u r i t y .  I f  th e  f e rm e n te r  was c o n ta m in a te d , i t  was d is a s s e m b le d , 
r e s t e r i l i z e d  and  th e  ex p e rim e n t s t a r t e d  a g a in .  C e l l  d ry  w e ig h ts  
were d e te rm in e d  i n  t r i p l i c a t e  b y  f i l t e r i n g  p o r t i o n s  o f  th e  
sample o n to  p re -w e ig h e d  p o ly c a rb o n a te  membrane f i l t e r s  (25  mm 
d ia m e te r ,  0 .2  urn, N u c le p o re ) .  The f i l t e r  was r in s e d  w ith  1 ml 
o f  p r e f i l t e r e d  0.85%  ( v /v )  fo rm a ld eh y d e . Each f i l t e r  was 
b ro u g h t to  c o n s ta n t  w e ig h t a t  60°C and  w eighed  w ith  a  Cahn 
b a la n c e . B a c te r i a l  num bers w ere d e te rm in e d  i n  d u p l i c a te  by  
th e  sp re a d  p l a t e  m ethod . The d i l u e n t  was prew arm ed (30°C)
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m inim al medium c o n ta in in g  1 .2 5  m g(m l)“ '1' g lu c o s e .  The p l a t e s  
were in c u b a te d  a t  30°C f o r  48 h  and  th e n  c o u n te d . C u ltu re  
t u r b i d i t y  was m o n ito re d  on a  K le tt-S um m erson  in s t ru m e n t  f i t t e d  
w ith  a  num ber 54- f i l t e r .
C e l lu l a r  DNA was d e te rm in e d  by f lu o r e s c e n c e  u s in g  
e th id iu m  brom ide (D o h k e rs lo o t , R o b r ish  and  K ric h e v e sk y , 1 9 7 2 ). 
The DNA sam ples w ere p r e p a re d  by  f i l t r a t i o n  on to  0 .2  yum 
p o ly c a rb o n a te  membrane f i l t e r s  and  w ere r in s e d  w ith  1 ml o f  
a saline-ED TA  s o lu t i o n .  The f i l t e r e d  c e l l s  w ere re su sp e n d e d  
in  2 ml o f  0 .3  N KOH, h y d ro ly z e d  a t  37°C and  th e n  n e u t r a l i z e d  
w ith  0 .5  ml o f  I N  HCL. The sam ples w ere th e n  f ro z e n  f o r  
a n a ly s is  a t  a  l a t e r  d a te .  When a s s a y e d , an  e q u a l volum e o f  a 
4- p g (m l)- '*' s o lu t io n  o f  e th id iu m  brom ide was added  and  th e  
f lu o re s c e n c e  m easu red  i n  a  T u rn e r  111 f lu o r o m e te r .  C a lf  
thymus DNA (S igm a) was u se d  a s  a  s ta n d a rd .
C e l l u l a r  HNA was d e te rm in e d  by  th e  o r c in o l  p ro c e d u re .  
C e lls  w ere f ro z e n  f o r  a n a l y s i s  a t  a  l a t e r  d a te  i n  0.8% 
fo rm ald eh y d e . A f te r  th a w in g , th e  sam ple was w ashed th r e e  
tim es  w ith  c o ld  t r i c h l o r a c e t i c  a c id  (TCA), h e a te d  i n  5% TCA 
f o r  15 m in and  th e n  a s s a y e d .  Y eas t RNA (S igm a) was u se d  a s  
th e  s ta n d a rd .
P r o te in  was a s sa y e d  b y  a  m o d if ic a t io n  o f  th e  Lowry 
te c h n iq u e  (B ru n sch ed e , Doveand B rem er, 1 9 7 7 )- C e l l s  w ere 
h y d ro ly z e d  b y  d i l u t i n g  ( 1 :5 )  i n to  0 .5  N NaOH and  b o i l i n g  f o r  
5 m in. The sam ples w ere f ro z e n  f o r  a n a l y s i s  a t  a  l a t e r  d a te .  
Bovine serum a lb u m in  f r a c t i o n  V ( F is h e r )  was u se d  a s  th e  
s ta n d a rd .
D. A ssay  o f  C u ltu re  V i a b i l i t y .
C u ltu re  v i a b i l i t y  was d e te rm in e d  b y  a  m o d if ic a t io n  o f  
th e  m ic ro c o lo n y  te c h n iq u e  (P o s tg a te  e t  a l . ,  1 9 6 1 ). The
w
te c h n iq u e  o f  P o s tg a te  was a d a p te d  f o r  u se  w ith  membrane f i l t e r s .  
Samples ta k e n  from  th e  f e rm e n te r  w ere im m e d ia te ly  d i l u t e d  
in to  prew arm ed (30°C ) and  p r e f i l t e r e d  m in im al b r o th .  One ml 
o f th e  a p p r o p r ia te  d i l u t i o n  was f i l t e r e d  o n to  a  0 .2  p m  c e l l u l o s e  
a c e t a t e ,  25 mm d ia m e te r  f i l t e r  ( M i l l ip o r e ,  ty p e  HA) so t h a t  
when o b se rv ed  m ic ro s c o p ic a l ly  w ith  an  o i l  im m ersion  o b je c t iv e ,  
20-30 b a c t e r i a  w ere seen  p e r  f i e l d .  Im m ed ia te ly  a f t e r  f i l t r a ­
t io n  th e  f i l t e r s  w ere p la c e d  i n  p e t r i  d i s h e s  w hich c o n ta in e d  
e i t h e r  t r y p t i c a s e  soy  a g a r  su p p lem en ted  w ith  0.3% y e a s t  
e x t r a c t  and  0.1%  g lu c o se  o r  m in im al a g a r  c o n ta in in g  1 .2 5  
mg(ml)- "*' g lu c o s e .  B oth m edia c o n ta in e d  1.4% a g a r  i n s t e a d  o f  
th e  u s u a l  1.5%* The p l a t e s  w ere in v e r te d  and  in c u b a te d  a t  
37°C- The t r y p t i c a s e  soy  a g a r  was in c u b a te d  f o r  3 -4  h  and  
th e  m inim al a g a r  f o r  6 -8  h .  A f te r  in c u b a t io n ,  th e  f i l t e r s  
were removed and  d r ie d  a t  60°C f o r  20 m in . The f i l t e r s ,  when 
made t r a n s p a r e n t  w ith  im m ersion  o i l ,  w ere o b se rv e d  by  p h a s e -  
c o n t r a s t  m ic ro sco p y  a t  a  m a g n if ic a t io n  o f  970x .
The c r i t e r i o n  u se d  to  d i f f e r e n t i a t e  v ia b le  and  n o n - 
v ia b le  c e l l s  was t h a t  a  v ia b le  c e l l  w ould undergo  c e l l  
d iv i s io n  and  g iv e  r i s e  to  a  m ic ro c o lo n y , w h ereas a  n o n v ia b le  
c e l l  w ould n o t .  A minimum com bined t o t a l  o f  300 s in g l e  c e l l s  
and m ic ro c o lo n ie s  was r o u t i n e l y  c o u n te d . The a c c u ra c y  o f 
th e  te c h n iq u e  was checked  b y  u s in g  a  m ix tu re  o f  h e a t  k i l l e d  
and e x p o n e n tia l  p h a se  c e l l s  o f  E . c o l i  B and  d e te rm in g  th e  
p e rc e n t v i a b i l i t y .
E. Determination of Filtrate Components.
The p re s e n c e  o f  DTT i n  th e  f i l t r a t e  was found  to  
i n t e r f e r e  w ith  th e  a n a ly s i s  o f  ENA, DNA, p r o t e in  and g lu c o s e .  
Each a s s a y  was c o r r e c te d  f o r  t h i s  i n t e r f e r e n c e .  The s a l t  
c o n c e n tr a t io n  i n  f i l t r a t e  sam ples u s e d  i n  th e  a n a l y s i s  o f  DNA, 
ENA, p r o t e in  and  amino a c id s  was re d u c e d  hy  p a s sa g e  th ro u g h  a  
column c o n ta in in g  A m b e r lite , IE -120  (H+) ( E i s h e r ) .  Each 
sample was p a s s e d  th ro u g h  th e  column tw ic e  and  th e  column 
washed w ith  a  volum e o f  d i s t i l l e d  w a te r  e q u a l to  th e  bed  
volum e. Amino a c id s  w ere e lu te d  w ith  0 .5  N NH^OH and ta k e n  
to  d ry n e s s .
P r o te in  i n  th e  f i l t r a t e  was d e te rm in e d  on th e  t r e a t e d  
sam ples u s in g  th e  Lowry p ro c e d u re  (Lowry e t  a l . , 1951)- RNA 
was d e te rm in e d  by  th e  o r c in o l  r e a c t i o n .  DNA was d e te rm in e d  
by th e  d ip h en y lam in e  te c h n iq u e  (B u r to n , 1 9 5 6 ). Amino a c id  
c o n c e n tr a t io n s  i n  th e  f i l t r a t e  w ere d e te rm in e d  on a  Beckman 
Autom ated Amino A cid  A n a ly z e r .
The g lu c o se  c o n c e n t r a t io n  o f  f i l t r a t e  was d e te rm in e d  
by u s in g  a  com m ercial g lu c o se  o x id a se  k i t  (W o rth in g to n  
B iochem ical C o r p .) .  The p re s e n c e  o f  DTT was c o r r e c te d  f o r  by  
u s in g  N -e th y l  m ale im id e  (E astm an) i n  th e  p ro c e d u re  (D av ies  
and Wayman, 1 9 7 3 ).
T o ta l  c a rb o h y d ra te  c o n c e n t r a t io n  i n  th e  f i l t r a t e  was 
m easured b y  th e  p h e n o l - s u l f u r i c  a c id  a s s a y  (D uBuis e t  a l . , 
1956).
P . L ip o p o ly s a c c h a r id e  A n a ly s is .
C e l l u l a r  and  e x t r a c e l l u l a r  l ip o p o ly s a c c h a r id e  (LFS) 
was d e te rm in e d  b y  th e  L im ulus l y s a t e  p ro c e d u re .  A l l  g la s s w a re
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and d ry  c h e m ic a ls  u se d  i n  th e  p r e p a r a t i o n  o f  and  a s s a y  f o r  
LPS were made p y ro g e n - f re e  hy  h e a t in g  a t  180°C f o r  3 h .  
P y ro g e n -f re e  w a te r  was p re p a re d  "by c o l l e c t i n g  w a te r  from  a 
M ill i -Q  w a te r  p u r i f i c a t i o n  system  ( M i l l ip o r e )  i n  p y ro g e n - f re e  
c o n ta in e r s  and  a u to c la v in g  a t  121°C f o r  3 h .  The l y s a t e  was 
p re p a re d  hy  th e  m ethod o f  Jo rg e n so n  and  S m ith  (1975) and 
m o d ifie d  a s  recommended h y  S u l l iv a n  and  W atson (1 9 7 4 ). The 
m o d if ic a t io n  c o n s is te d  o f  th e  a d d i t i o n  o f  p y ro g e n - f re e  C aC ^  
to  th e  l y s a t e  such  t h a t  th e  f i n a l  c o n c e n t r a t io n  o f  th e  C aC ^  
was 0 .0 2  M. The a s s a y  p ro c e d u re  was t h a t  o f  J o rg e n se n  and  
Sm ith (1975) w ith  p y ro g e n - f re e  0 .0 2  M C aC ^  a s  th e  d i l u e n t .
The e n d p o in t o f  th e  l y s a t e  was d e te rm in e d  w ith  s ta n d a rd  LPS 
(Sigm a, p h en o l e x t r a c t  o f  E . c o l i  s e ro ty p e  0 1 1 1 :B 4 ).
C e l lu l a r  LPS was d e te rm in e d  from  fe rm e n te r  sam ples 
t h a t  had  heen  c e n t r i f u g e d  a t  9 ,0 0 0  Xg f o r  10 m in an d  re su sp e n d e d  
in  p y ro g e n - f re e  d i s t i l l e d  w a te r .  E x t r a c e l l u l a r  LPS was 
d e te rm in e d  on f i l t r a t e  sam ples c o l l e c t e d  a t  th e  same tim e  a s  
th e  sam ples f o r  th e  d e te rm in a tio n  o f  c e l l u l a r  LPS.
G. A ssay  f o r  F e rm e n ta tio n  P r o d u c ts .
The c o n c e n t r a t io n  o f  f e rm e n ta t io n  p r o d u c ts  i n  th e  
f i l t r a t e  was d e te rm in e d  hy  g a s - l i q u i d  ch ro m ato g rap h y  u s in g  a 
P e rk in  E lm er m odel 3920 g a s  ch ro m ato g rap h  eq u ip p ed  w ith  a  
hydrogen flam e d e t e c t o r .  The f e rm e n ta t io n  p r o d u c ts  w ere 
s e p a ra te d  on a  s t a i n l e s s  s t e e l  column (0 .3 2  h y  305 cm) p acked  
w ith  10% SP-1000 (1% H^PO^) on 100/120  mesh Ohromosorh WAW 
(S u p e lc o ) . C h rom atog raph ic  c o n d i t io n s  u se d  i n  th e  a n a ly s i s  
w ere: l )  c a r r i e r  gas  ( l ^ )  flo w  r a t e ,  40 m l(m in )~ l;  2 ) i n j e c ­
t i o n  p o r t  te m p e ra tu re  205°C; 3) d e t e c t o r  te m p e ra tu re  230°C;
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and 4 ) column te m p e ra tu re  o f  50°C, 120°C and 160°C f o r  th e  
a n a ly s is  o f  e th a n o l ,  l a c t i c  and  s u c c in ic  a c i d s ,  an d  a c e t i c  
a c id ,  r e s p e c t i v e l y .
Sam ples and  s ta n d a rd s  w ere p re p a re d  f o r  i n j e c t i o n  hy  
th e  p ro c e d u re  d e s c r ib e d  i n  th e  A naerobe L a b o ra to ry  M anual 
(Holdeman and M oore, 1975)* A sam ple s iz e  o f  1 p i  was 
r o u t in e ly  i n j e c t e d .
H. R a d io is o to p e  E x p e r im e n ts .
I n c o r p o r a t io n  o f  s u b s t r a t e  c a rb o n  and  l o s s  o f  c e l l -  
bound c a rb o n  was d e te rm in e d  by  a d d i t i o n  o f  0 .2  mmol o f  
D-^U-'^CT’ g lu c o se  3 mCiCmmol)- ^/7" (New E ngland  N u c le a r )  
d i r e c t l y  to  th e  f e rm e n ta t io n  v e s s e l .  Twenty m in u te s  a f t e r  
th e  a d d i t io n  o f  l a b e le d  g lu c o se  and  a t  r e g u l a r  i n t e r v a l s  
t h e r e a f t e r ,  1 ml sam ples w ere w ithdraw n and  d i l u t e d  1 :1 0  i n t o
0.8% fo rm a ld eh y d e . C e l ls  w ere c o l l e c t e d  on a  0 .2  pm p o ly ­
ca rb o n a te  membrane (N u c lep o re )  and  w ashed w ith  1 ml o f  0.8% 
fo rm ald eh y d e . The f i l t e r s  w ere p la c e d  i n t o  s c i n t i l l a t i o n  
v i a l s  and  d i s s o lv e d  by  th e  a d d i t i o n  o f  1 ml o f  P r o to s o l  (New 
England N u c le a r ) .  A f te r  th e  f i l t e r s  w ere d i s s o lv e d ,  50 p i  
c o n c e n tra te d  a c e t i c  a c id ,  fo llo w e d  by  10 ml o f  a  x y le n e -b a s e d  
s c i n t i l l a t i o n  s o lu t io n  w ere a d d e d . The r a d i o a c t i v i t y  was 
d e te rm in ed  a t  each  sam p lin g  tim e  on d u p l i c a te  sam ples u s in g  
a P ack ard  T r i - c a r b  S c i n t i l l a t i o n  S p e c tro p h o to m e te r .
The l o s s  o f  c e l l u l a r  DNA and  p r o t e in  was d e te rm in e d
14 3by l a b e l in g  th e  c u l tu r e  w ith  C - le u c in e  and  H -th y m id in e
and fo llo w in g  th e  d is a p p e a ra n c e  o f  l a b e l  from  th e  c e l l s .  The
ra d io n u c l id e s  w ere added  d i r e c t l y  to  th e  f e rm e n ta t io n  v e s s e l
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as  a  m ix tu re  o f  th e  r a d io n u c l id e s  and  t h e i r  r e s p e c t iv e  
u n la b e le d  compounds. The m ix tu re  c o n ta in e d  0 .0 4 1  p m o l
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^ e t h y l -  I ^ - th y m id in e  / 6 . 7  Ci(mmol) _ J  (New E ng lan d  N u c le a r ) ,
3 jimol u n la b e le d  th y m id in e  (C a l B iochem ), 3*2 jm o l L - /U - ^ C 7 -  
le u c in e  /2 S > 7  mCi(mmol)“^7' (New E n g lan d  N u c le a r ) ,  and  7*0 pmol 
u n la b e le d  L - le u c in e  (C a lb io c h e m ). Sam ples w ere p re p a re d  and  
coun ted  a s  o u t l in e d  ab o v e .
I .  In d u c t io n  o f  th e  l a c t o s e  Operon and  A ssay  o f  B -g a la c -
to s id a s e  A c t i v i t y .
C u l tu r e s  w ere in d u c e d  f o r  ^ - g a l a c to s id a s e  b y  th e
a d d i t io n  o f  th e  in d u c e r  d i r e c t l y  to  th e  f e r m e n ta t io n  v e s s e l .
E i th e r  th e  g r a t u i t o u s  in d u c e r  i s o p r o p y l -  F -D - t h i o g a l a c t o -
p y ra n o s id e  (IPT G ), o r  th e  n a t u r a l  in d u c e r ,  l a c t o s e ,  w ere
u sed . The in d u c e r  was a lw ay s  added  so t h a t  th e  f i n a l
-3c o n c e n tr a t io n  i n  th e  fe rm e n te r  v e s s e l  was 10 ^ M. When th e  
c u l tu r e  was to  be c o n t in u o u s ly  ex p o sed  to  th e  IPTG, th e  in d u c e r  
was added to  b o th  th e  f e rm e n ta t io n  v e s s e l  and  medium r e s e r v o i r .  
In  a l l  o th e r  e x p e r im e n ts , th e  in d u c e r  was added  o n ly  to  th e  
fe rm e n ta t io n  v e s s e l .
^ - g a la c to s id a s e  a c t i v i t y  was d e te rm in e d  on sam ples 
w ithdraw n from  th e  f e rm e n te r  w ith  o r th o - n i t r o p h e n y l- ^ - D -  
g a la c to p y ra n o s id e  (ONPG) a s  th e  s u b s t r a t e .  The a s s a y  p ro c e d u re  
o u t l in e d  b y  M i l l e r  (1972) was fo llo w e d . The c e l l s  w ere 
d is ru p te d  w ith  sodium  d o d ec y l s u l f a t e  and c h lo ro fo rm . The 
amount o f  enzyme a c t i v i t y  d e te rm in e d  i n  th e  a s s a y  was c o r r e c te d  
f o r  c u l tu r e  t u r b i d i t y ,  ^ - g a l a c to s id a s e  a c t i v i t y  was d e t e r ­
mined on d u p l i c a te  sam p les . A ccep ted  v a lu e s  w ere w i th in
An enzyme u n i t  was d e f in e d  a s  th e  amount o f  enzyme t h a t  w i l l  
h y d ro ly ze  10"^ m o l(m in )- '*' o f  ONPG a t  28°C.
J .  V iru s  I n f e c t i o n  and  A n a ly s is  o f  V i r a l  Num bers.
The re sp o n se  o f  a  m a in ten an ce  en e rg y  p h a se  c u l t u r e  o f  
E. c o l i  B to  i n f e c t i o n  hy b a c te r io p h a g e  T^ was d e te rm in e d  by 
adding  th e  phage to  th e  f e rm e n te r  i n  p h ase  3 and  a s s a y in g  f o r  
v i r a l  num bers. V iru s  f o r  a d d i t i o n  to  th e  f e rm e n te r  was 
p re p a re d  i n  a e r o b ic  c u l t u r e s  o f  E. c o l i  B grown i n  m in im al 
medium. The l y s a t e  was c e n t r i f u g e d  a t  10 ,0 0 0  X g f o r  15 m.in 
and th e  s u p e rn a ta n t  f l u i d  was d e c a n te d  and  s to r e d  a t  4°C u n t i l  
used .
V iru s  a s s a y s  o f  th e  i n f e c t e d  m a in ten an ce  e n e rg y  p h ase  
c u l tu re  c o n s is te d  o f  d e te rm in in g  th e  num ber o f  p la q u e - fo rm in g  
u n i t s  i n  f o u r  f r a c t i o n s  o f  th e  sam p le . Sam ples w ith d raw n  from  
th e  fe rm e n te r  w ere c e n t r i f u g e d  a t  10 ,0 0 0  X g f o r  10 m in . The 
su p e rn a ta n t f l u i d  was d e c a n te d  and  a s sa y e d  f o r  v i r a l  num bers. 
The number o f  v i r u s  o c c u r r in g  i n  t h i s  f r a c t i o n  r e p r e s e n te d  th e  
f r e e  o r  u n a t ta c h e d  v i r u s  i n  th e  i n f e c t e d  c u l t u r e .  The p e l l e t  
was re su sp e n d e d  to  th e  o r i g i n a l  volum e i n  m in im al medium and  
d iv id e d  in to  th r e e  f r a c t i o n s .  One, f r a c t i o n ,  w ith o u t  m o d if ic a ­
t i o n ,  was a s sa y e d  f o r  th e  num ber o f  v i r a l  p a r t i c l e s .  T h is  
f r a c t io n  r e p re s e n te d  c e l l - a s s o c i a t e d  v i r u s .  A n o th e r f r a c t i o n  
was t r e a t e d  w ith  ch lo ro fo rm  and a s sa y e d  f o r  v i r u s .  T h is  
f r a c t i o n  r e p re s e n te d  i n t a c t  v i r u s .  The re m a in in g  f r a c t i o n  
was b len d e d  i n  a  S o r v a l l  m icrohom ogen izer cup a t  f u l l  speed  
fo r  1 min and a s sa y e d  f o r  v i r u s .  T h is  f r a c t i o n  r e p r e s e n te d  
r e v e r s ib ly - a t t a c h e d  v i r u s .
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V ir a l  num bers w ere d e te rm in e d  by  th e  s o f t  a g a r  o v e r la y  
p ro c e d u re . T h is  a s s a y  c o n s is te d  o f  p i p e t t i n g  0 .1  ml o f  a 
v i ru s  d i l u t i o n  made i n  m in im al b r o th  o n to  a  p e t r i  d i s h  con­
t a in in g  n u t r i e n t  a g a r  and  o v e r la y in g  th e  v i r u s  su sp e n s io n
w ith  m o lten  a g a r  c o n ta in in g  0.8% a g a r  and  a p p ro x im a te ly  5 X
7 —1H r E. c o l i  B (m l) -  . The v i r u s  s u sp e n s io n  was d is p e r s e d
in to  th e  s o f t  a g a r  o v e r la y  and  th e  a g a r  was a llo w e d  to  s o l i d i f y .
The p e t r i  d is h e s  w ere in v e r t e d ,  in c u b a te d  a t  37°C f o r  24 h
and th e  num ber o f  p la q u e s  c o u n te d .
K. Growth I n h i b i t i o n  hy  P e n i c i l l i n  A d d it io n .
The re sp o n s e  o f  a  m a in ten an ce  e n e rg y  p h ase  c u l tu r e  
to  a grow th  i n h i b i t i n g  a n t i b i o t i c  was d e te rm in e d  by th e  a d d i­
t io n  o f p e n i c i l l i n  to  th e  c u l t u r e .  P e n i c i l l i n  G ( L i l l y )  was 
added to  th e  f e rm e n ta t io n  v e s s e l  and  medium r e s e r v o i r  a t  a 
f i n a l  c o n c e n t r a t io n  o f  200 u n i t s  (m l) - '1' .  P e n i c i l l i n  a t  t h i s  
c o n c e n tra t io n  was found  to  c o m p le te ly  i n h i b i t  g row th  o f  
a n a e ro b ic  c u l tu r e s  o f  E . c o l i  B.
L. E le c tr o n  M icro sco p y .
Sam ples f o r  t h i n  s e c t io n in g  w ere w ithdraw n  from  th e  
fe rm e n te r  and  f ix e d  h y  th e  a d d i t i o n  o f  one volum e o f  0.1%
OgO^ in  K e lle n b e rg e r  B u f f e r  (K e l le n h e rg e r ,  R y te r  and  S echaud , 
1958). The c e l l s  w ere w ashed once w ith  K e l le n h e rg e r  b u f f e r  
and suspended  i n  two d ro p s  o f  t r y p to n e  s a l t s  s o lu t i o n .  The 
resu sp en d ed  c e l l s  w ere b ro u g h t to  47°C i n  a  w a te rh a th  and  2% 
Nobel a g a r  (D ifc o )  was a d d e d . The a g a r - c e l l  su sp e n s io n  was 
p la c e d  on a  g l a s s  s l i d e ,  a llo w e d  to  s o l i d i f y  and  c u t  i n t o  
sm all cu b e s . The sam ples w ere p o s t - f i x e d  i n  1% 0^0^ i n
52
K e lle n b e rg e r  b u f f e r  o v e rn ig h t  a t  room te m p e ra tu re ,  fo llo w e d  
by s t a in in g  i n  0.5%  u ra n y l  a c e t a t e  i n  K e l le n b e rg e r  b u f f e r  
f o r  2 -3  h .  The sam ples w ere d e h y d ra te d  i n  g r a d a t io n s  o f  
e th a n o l and  embedded i n  S p u r r 's  low v i s c o s i t y  r e s i n  (S p u rr ,  
1969). The t h i n  s e c t io n s  w ere s ta in e d  i n  0.5%  u r a n y l  a c e t a t e  
in  m ethano l f o r  15 to  60 m in , fo llo w e d  by  0.4%  le a d  c i t r a t e  
fo r  1 -5  min (R ey n o ld s , 1 9 6 3 ), an d  w ere p h o to g ra p h e d  i n  a 
P h i l l i p s  EM-200 e l e c t r o n  m ic ro sco p e  o p e r a t in g  a t  60 k v .
N e g a tiv e  s t a i n s  w ere made b y  a d d in g  c e l l  sam ples to  
p a r lo d ia n  ca rb o n -co a te d - 200-m esh co p p er g r i d s .  The g r id s  
were s ta in e d  i n  1% p h o s p h o tu n g s t ic  a c id  f o r  1 m in and  th e n  
p h o to g rap h ed .
CHAPTER III
EESULTS
The maximum o b ta in a b le  b io m ass  i n  a  c u l tu r e  system  
such a s  shown i n  P ig u re  1 , w here a l l  b iom ass p ro d u ced  a s  a 
r e s u l t  o f  th e  m e tab o lism  o f  incom ing  n u t r i e n t  i s  r e t a in e d  
w ith in  th e  sy stem , sh o u ld  be d e te rm in e d  by th e  p o p u la t io n s ' 
m ain tenance  e n e rg y  r e q u ire m e n ts .  The u l t im a te  m ass i n  t h i s  
system  sh o u ld  be  p r e d i c t e d  b y  e q u a tio n  16 . A c o r r e c t io n  
should  be a p p l ie d  to  e q u a tio n  16 to  a c c o u n t f o r  th e  amount 
o f g lu c o se  ca rb o n  t h a t  i s  in c o r p o r a te d  in t o  c e l l  b iom ass and  
th e r e fo r e  u n a v a i la b le  f o r  u se  a s  m a in ten an ce  e n e rg y . The 
m o d if ic a t io n  o f  e q u a tio n  16 y i e l d s :
Xmax  = Er ^Sr "  Sr ~ S-^
¥ c  18
where X x  i s  th e  maximum c e l l  c o n c e n t r a t io n  i n  m g(m l)_\
Y-p i s  th e  f e rm e n te r  volum e (450 m l) ,  i s  th e  am ount o f  
g lu co se  in c o r p o ra te d  i n t o  c e l l  c a rb o n  i n  jum ol(m l)- \  S-p i s  
th e  c o n c e n tr a t io n  o f  g lu c o s e  i n  th e  f e rm e n te r  i n  yjm ol(m l)- \  
Sg i s  th e  c o n c e n t r a t io n  o f  g lu c o se  i n  th e  r e s e r v o i r  i n  
p n o l(m l) - 1 , and  mQ i s  e x p re s s e d  i n  umol g lu c o se  (mg b a c t e r i a l  
dry  w e ig h t) ”1 ( h ) “ 1 .
E q u a tio n  18 p r e d i c t s  t h a t  th e  u l t im a te  p o p u la t io n  
s iz e  i n  th e  m a in ten an ce  e n e rg y  f e rm e n te r  w i l l  be d e te rm in e d
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by th e  c e l l ' s  m a in ten an ce  e n e rg y  re q u ire m e n ts ,  th e  r e s i d u a l  
g lu co se  i n  th e  f e rm e n te r  (F^S^,), th e  am ount o f  s u b s t r a t e  
in c o rp o ra te d  i n t o  b io m ass , and  th e  am ount o f  g lu c o se
p ro v id e d  (E-gS-^) to  th e  f e rm e n te r .  The am ount o f  g lu c o se  
p ro v id e d  to  th e  f e rm e n te r  i s  te rm ed  th e  g lu c o se  p r o v is io n  
r a t e  (GPR) and  i s  e x p re s s e d  i n  p n o l g lu c o s e ( h ) - '*'.
A. D e te rm in a tio n  o f  m„ and  Y ^  . ____ ______________ c_______ina.x
The a p p a r a tu s  shown i n  F ig u re  2 was m o d if ie d  and  u se d  
a s  a ch em o sta t to  o b ta in  th e  v a lu e  o f  th e  m a in ten an ce  c o e f f i ­
c ie n t  f o r  u s e  i n  p r e d i c t i n g  X y  when th e  a p p a ra tu s  was u se d  
a s  a  m a in ten an ce  e n e rg y  f e rm e n te r .  The m a in ten an ce  c o e f f i c i e n t  
of a  c u l tu r e  g row ing i n  th e  ch em o sta t can  be c a l c u l a t e d  from  
th e  fo rm ula  ( P i r t ,  1965):
_ 1 _  _ mc + IY ~ —2. + y
a  p  max; 19
where Ya i s  th e  a p p a re n t  g row th  y i e l d  i n  mg c e l l  d ry  w e ig h t ( p io l  
g lu co se  consum ed)- ^ , p  i s  th e  s p e c i f i c  g row th  r a t e ,  and  Y 
i s  th e  maximum g row th  y i e l d  and  i s  e x p re s s e d  i n  th e  same u n i t s  
a s  Y . T h is  e q u a tio n  was so lv e d  g r a p h ic a l ly  by  p l o t t i n g  th e  
d a ta  o f  T ab le  3 i n  th e  form  shown i n  F ig u re  3* A sm a ll c o r r e c ­
t io n  f o r  th e  a s s i m i l a t i o n  o f  g lu c o se  i n t o  c e l l -b o u n d  ca rb o n  
was a p p l ie d  to  th e  d a ta  u se d  to  c a l c u l a t e  Ya on th e  b a s i s  t h a t
cl
carbon co m p rise s  45.6%  o f  th e  b a c t e r i a l  d ry  w e ig h t in  
E s c h e r ic h ia  c o l i  B (H em pfling  and  M ain z er, 1 9 7 5 ). The am ount 
o f g lu c o se  m e ta b o liz e d  was c a l c u l a t e d  by  u s in g  th e  r e l a t i o n ­
sh ip  :
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Table 3- Y ie ld  C h a r a c t e r i s t i c s  o f  E s c h e r ic h ia  c o l i  B Growing
Q
i n  G lu c o se -L im ite d  A n aero b ic  C o n tin u o u s C u l tu r e .
D Dry wt R e s id u a l g lu c o se *b cG lucose m e ta b o liz e d  Y
(h r - 1 ) 4^6  (ml / J m  o l ( m l ) “ ] 7 4 3 k o l(m l)  ^ 7
0 .125 294 0 .0 0 7 1 2 .6 2 3 .4
0.148 306 0 .0 1 3 1 2 .5 2 4 .5
0.235 324 0 . 0 0 7 1 2 .4 2 6 .1
0.420 159 7 .5 1 0 5-94 2 6 .8
C o n d i t io n s :  340 ml v e s s e l ,  1 4 .5  p io le s ( m l )  "*■ g lu c o se  i n
medium r e s e r v o i r .
■l-
G lucose m e ta b o liz e d  = g lu c o se  c o n c e n t r a t io n  i n  r e s e r v o i r  
m inus g lu c o se  c o n c e n t r a t io n  i n  e f f l u e n t  ( r e s i d u a l  
g lu c o se )  m inus g lu c o se  e q u iv a le n t  o f  in c o r p o ra te d  
carb o n  (H em pfling  and  M ain ze r, 1975)*
cpg c e l l  d ry  w t(p a o l g lu c o se  m e ta b o l iz e d )” ^ .
5 6
F ig .  5* R e la t io n s h ip  b e tw een  Ya  and  p . f o r  a n  a n a e ro b ic  
c h em o sta t c u l tu r e  o f  E s c h e r ic h ia  c o l i  B.
£l / Y a  ( ^ u m o l  g l u c o s e  m e t a b o l i z e d  ( u g  ce l l  d r y  w t j  * )
OQ
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S = SR -  Sp -  s0 20
where S i s  th e  am ount o f  s u b s t r a t e  m e ta b o liz e d  /^Eimol(ml)- ^yr,
i s  th e  g lu c o se  c o n c e n t r a t io n  i n  th e  medium r e s e r v o i r
S ,^ i s  th e  r e s i d u a l  g lu c o se  c o n c e n t r a t io n  i n  th e
fe rm e n ta tio n  v e s s e l  J/jam ol(m l)- ^7' an d- Sq i s  th e  g lu c o se
e q u iv a le n t  o f  in c o r p o ra te d  c a rb o n .
The in v a lu e  a s  d e te rm in e d  from  th e  s lo p e  o f  th e  l i n e  c
in  F ig u re  3 i s  0 .0 0 0 9 6  ^iinol g lu c o se  (u g  b a c t e r i a l  d ry  w t)
(nr1.
The Ymax v a lu e  a s  d e te rm in e d  from  th e  Y i n t e r c e p t  o f
F ig u re  3 i s  2 8 .9  p g  b a c t e r i a l  d ry  wtfyunol g lu c o s e ) - ^ .
B. D e s c r ip t io n  o f  th e  Growth P h ases  o f  M ain tenance  E nergy  
C u l t i v a t i o n .
E s c h e r ic h ia  c o l i  B grown i n  th e  m a in ten an ce  en e rg y  
fe rm e n te r  d is p la y e d  th e  g row th  p a t t e r n  shown i n  F ig u re  4 .
The p a t t e r n  o f  g row th  shown i n  F ig u re  4- h a s  b een  co n firm ed  i n  
22 s e p a ra te  e x p e r im e n ts . Growth i n  th e  sy stem , a s  shown by 
th e  change i n  c e l l  m ass fo llo w e d  th r e e  s e q u e n t ia l  p h a s e s :  
e x p o n e n tia l  g ro w th , s u b s t r a t e  d ep en d en t g row th  and  th e  m a in te n ­
ance p h a s e . E x p o n e n tia l  g row th  (P h ase  l )  p ro c e e d e d  from  th e  
tim e o f  in o c u la t io n  to  a  p o in t  a p p ro x im a te ly  8 - 1 0  h o u rs  
l a t e r .  A t t h i s  t im e , an  a n a ly s i s  o f  g lu c o se  i n  th e  f i l t r a t e  
in d ic a te d  t h a t  g lu c o se  was p r e s e n t  i n  a  c o n c e n t r a t io n  below  
1 jig (m l) - 'L. A p e r io d  o f  s u b s t r a te -d e p e n d e n t  g row th  i n  w hich  
b a c t e r i a l  d ry  w e ig h t in c r e a s e d  a s  a  l i n e a r  f u n c t io n  o f  tim e 
fo llo w e d  p h ase  1 and  p ro c e e d e d  f o r  an  a d d i t i o n a l  15  h o u r s .
At a p p ro x im a te ly  25 h o u rs  a f t e r  in o c u la t i o n ,  th e  g row th  r a t e
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F ig .  4 The change i n  b a c t e r i a l  m ass (O) and  num bers (■) 
d u r in g  th e  th r e e  p h a s e s  o f  m a in ten an ce  e n e rg y  
c u l t i v a t i o n .  GPR was 387 um o l(h ) a t  an  EV, o f
56 m l(h )  . ' E
*1H-oq
P h a s e  | P h a s e  2 P h a s e  3
IO O O --
- 2 0 0  o  8 0 0 — •
3
Ov_»
150 6 0 0 -  ■
100  ':- 4 0 0 -  -
m
5 0 200 - -
20 3 0 4 0  5 0
P o s t  i n o c u l a t i o n  t i m e  ( h )
7 0 8 06 0
CTiO
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— 1 —1d e c rea se d  from  19 ug b a c t e r i a l  d ry  wt (m l) ( h ) “ i n  p h ase  2 
to  9 ug  b a c t e r i a l  d ry  wt (m l)""^(h.)“ ^ .  T h is  t h i r d  p h ase  o f  
reduced  g row th  r a t e  i s  te rm e d  th e  m a in ten an ce  e n e rg y  p h a se  
(Phase 3 ) .  B a c te r i a l  num bers fo llo w e d  c l o s e ly  th e  th r e e  
phase p a t t e r n  d is p la y e d  by  b a c t e r i a l  m ass e x c e p t t h a t  c e l l  
numbers re a c h e d  t h e i r  p h a se  3 r a t e  o f  in c r e a s e  a p p ro x im a te ly  
3 h o u rs  b e fo re  b a c t e r i a l  d ry  w e ig h t e x h ib i te d  th e  p h ase  3 
growth r a t e .  An a n a l y s i s  o f  p o p u la t io n  v i a b i l i t y  by  th e  
m ic ro co lo n y  te c h n iq u e  i n d i c a t e d  t h a t  th e  p o p u la t io n  was more 
th an  92% v ia b le  th ro u g h o u t p h a s e s  2 and  3-
The changes i n  c e l l u l a r  m acro m o lecu les  d u r in g  th e  3 
p h ases  a r e  shown i n  F ig u re  5» D uring  p h a se s  2 and  3 DNA,
ENA and p r o t e in  fo llo w e d  th e  same g row th  g e n e ra l  p a t t e r n  a s  
d id  b a c t e r i a l  d ry  w e ig h t.  The p o in t  a t  w hich  th e  r a t e  o f  
change o f  DNA, ENA and p r o t e in  d e c re a s e d  from  th e  p h ase  2 r a t e  
to  th e  p h a se  3 r a t e  o c c u r re d  a t  th e  same tim e  and  was i d e n t i c a l  
to  th e  p o in t  a t  w hich  th e  b a c t e r i a l  d ry  w e ig h t r a t e  ch anged .
The r a t e  o f  change o f  v a r io u s  c u l tu r e  p a ra m e te rs  i s  
shown i n  T ab le  4 .  These d a ta  i n d i c a t e  t h a t  b o th  p h ase  2 and  
phase 3 a r e  p e r io d s  o f  u n b a la n c e d  g row th  w ith  DNA, ENA, 
p r o te in ,  b a c t e r i a l  d ry  w e ig h t and  b a c t e r i a l  num bers in c r e a s in g  
a t  d i f f e r e n t  r a t e s .  D u rin g  p h a se  2 , b a c t e r i a l  num bers 
in c re a s e d  f a s t e r  th a n  d ry  w e ig h t and  th e  c e l l s  w ere becom ing 
reduced  i n  p e r c e n t  c o m p o s itio n  o f  ENA and  e n r ic h e d  i n  p r o t e in  
and DNA. P hase  3 g row th  c o n s is te d  o f  c e l l s  becom ing e n r ic h e d  
in  p r o t e in  and  red u c ed  i n  p e r c e n t  c o m p o s itio n  o f  ENA and  DNA. 
The r a t e  o f  change o f  c e l l  num bers i n  r e l a t i o n  to  b a c t e r i a l  
d ry  w e ig h t i n d i c a t e d  t h a t  ch an g es i n  c e l l u l a r  geom etry  w ere
F ig .  5« Change i n  b a c t e r i a l  m ass (O ), c e l l  num bers (■ ) ,  DM 
( A ) ,  EM  ( a ) ,  and  p r o t e i n  ( a )  i n  p h a se  2 and  p h a se  3 
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Table 4 .  R a te  o f  Change o f  C u ltu re  P a ra m e te rs  i n  P hase  2 
and  P hase  3 .
P aram eter
P e rc e n t  I n c re a s e  
P hase  2
i n  P a ra m e te r  P e r  Hour 
P hase  3
DNA 7 .9 0 .8
ENA 3 .3 0 .6
P ro te in 5 .0 1 .9
Dry W eight 4 .5 1 .3
C e ll Numbers 7 .0 0 .4
o c c u rr in g  i n  p h a s e s  2 and  3« T h is  o b s e rv a t io n  i s  f u r t h e r  
su p p o rted  by  c e l l  s iz e  m easurem ents (T ab le  5 ) .  Both c e l l  
s iz e  and  volume in c r e a s e d  a s  c e l l  g row th  o c c u rre d  i n  p h a se  3 . 
C e ll s iz e  was d e te rm in e d  b y  m easurem ents ta k e n  from  e l e c t r o n  
m icro g rap h s o f  n e g a t iv e ly  s ta in e d  c e l l s .  C e l l  volum es w ere 
c a lc u la te d  from  th e  fo rm u la :
Volume = + j ^ ( l - ¥ )  (7T  ( | ) 2J  21
where ¥  i s  th e  c e l l  w id th  i n  urn and  1 i s  th e  c e l l  l e n g th  i n  pm.
“The d e te r m in a tio n  o f  th e  p e r c e n t  d iv id in g  c e l l s  from  
e le c t r o n  m ic ro g rap h s  o f  n e g a t iv e ly  s ta in e d  c e l l s  (T ab le  5) 
in d ic a te d  t h a t  12.6% o f  th e  c e l l s  w ere d iv id in g  i n  l a t e  p h ase  
2 and e a r l y  t o  mid p h a se  3- T h is  p e rc e n ta g e  was lo w er th a n  
f o r  e x p o n e n tia l  g ro w th . As th e  c e l l s  p ro g re s s e d  in t o  p h ase  3j 
th e  p e r c e n t  d iv id in g  d e c re a s e d  from  12.6% in  e a r l y  p h a se  3 "to 
9.2% i n  l a t e  p h a se  3 .
The l ip o p o ly s a c c h a r id e  (BPS) c o n te n t  o f  c e l l s  grow ing 
in  p h ase  1 , 2 o r  3 rem ain ed  a  c o n s ta n t  f r a c t i o n  o f  b a c t e r i a l  
mass (T ab le  6 ) .  E x t r a c e l l u l a r  LPS was p r o p o r t io n a l  to  b a c t e r i a l  
mass i n  p h ase  1 b u t  n o t  i n  p h a se s  2 and  3- E x t r a c e l l u l a r  LPS 
c o n c e n tra t io n  d e c re a s e d  i n  p h a se  3 to  a  v a lu e  o f  o n e - h a l f  th e  
v a lu e  o c c u r r in g  in  p h ase  2 . Once th e  e x t r a c e l l u l a r  LPS con­
c e n t r a t io n  d e c re a s e d , i t  rem ain ed  a t  t h i s  v a lu e  th ro u g h o u t 
phase 3 . A c o n s ta n t  v a lu e  i n  p h a se  3 i n d i c a t e d  t h a t  e x t r a ­
c e l l u l a r  LPS was b e in g  p ro d u ced  a t  a  c o n s ta n t  r a t e  w hich  was 
in d ep en d en t o f  change i n  b a c t e r i a l  m ass.
The u l t r a s t r u c t u r e  o f  c e l l s  o b ta in e d  from  th e  d i f f e r e n t  
grow th p h a se s  o f  m a in ten an ce  e n e rg y  c u l t i v a t i o n  i s  shown i n
T a b le  5» D i s t r i b u t i o n  o f  C e l l  S iz e ,  C e l l  Volume and. P e r c e n t  D iv id in g  C e l l s  i n  a  C u ltu re  
o f  E scb .ericb .ia  c o l i  B Grown i n  tb e  M ain ten an ce  F e n n e n te r .a
P b ase L en g th  
mean n*3 SDC mean
W idtb
n* SDC
C e l l  Volume 
(jjm5 )
P e rc e n t  
D iv id in g  C e l l s
P b ase  1 1 .5 6 100 0 .4 3 0 .4 2 100 0 .0 7 0 .1 9 1 9 .4
L a te  P base  2^ 1 .0 6 100 0 .2 1 0 .6 3 100 0 .1 0 0 .2 7 1 2 .8
E a r ly  P b ase  3e nd f nd nd nd nd nd nd 1 2 .4
M iddle P b ase  3® 0 .9 9 50 0 .2 1 0 .6 0 50 0 .0 6 0 .2 3 1 2 .6
L a te  P base  3*1 1-19 100 0 .2 6 0 .7 5 100 0 .1 0 0 .4 0 9 -2
D e te rm in a tio n s  made from  n e g a t iv e ly  s ta in e d  c e l l s  o f  a  ru n  co n d u c ted  a t  a  GPR 
o f  387 ^tmoles ( b ) - 1 .
*^n = sam ple s i z e .
CSD = s ta n d a rd  d e v ia t io n .
13  b o u rs  i n t o  p b a se  2 . 
e7 b o u rs  i n t o  p b a se  3 .
•p
n d  = n o t  d e te rm in e d .
®24 b o u rs  i n t o  p b a se  3- 
^48 b o u rs  i n t o  p b a se  3-
6 7
Table 6 . C e l l u l a r  and  E x t r a c e l l u l a r  L ip o p o ly s a c c h a r id e
C o n ten t o f  E s c h e r ic h ia  c o l i  B C u ltu r e s  Grown i n  
th e  M ain tenance  E nergy  F e rm e n te r .
P o s t




L ip  op o l y  sa  c cha r  i  de 
C e l l u l a r  E x t r a c e l l u l a r
B a c te r i a l  
Dry wt
P e rc e n t
LPSa
jig (m l) 1
i—i i/"'xI—160 jag (m l)-1
9 .5 1 1 .0 0 .2 1 90 1 .1
1 2 .5 2 2 .1 0 . 5 2 240 0 . 9
30 .0 2 4 .2 0 . 5 2 550 0 .8
36 .5 3 4 .2 0 .2 1 630 0 .7
5 9 .0 5 8 .3 0 .2 1 830 1 .0
7 5 .0 3 8 .3 0 .2 1 950 0 . 9
P e rc e n t c e l l u l a r  l ip o p o ly s a c c h a r id e  (LPS) = c e l l u l a r  LPS/ 
b a c t e r i a l  d ry  w t.
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F ig u re  6 -9 . An u l t r a s t r u c t u r a l  co m p ariso n  o f  e x p o n e n t ia l  
phase c e l l s  (F ig u re  6 ) and  c e l l s  6 h o u rs  i n t o  p h a se  2 (F ig u re  
7) shows p h a se  2 c e l l s  to  he s m a l le r  i n  c e l l  l e n g th  h u t  
s im i la r  to  e x p o n e n t ia l  p h ase  c e l l s .  By 10 h o u rs  i n t o  p h a se  2 , 
which l a s t e d  14 h o u rs  i n  t h i s  r u n ,  c e l l s  have become p la sm o ly z ed  
(F ig u re  8 ) .  O th e r th a n  p la s m o ly s is ,  no o h v io u s  u l t r a s t r u c ­
tu r a l  c h a r a c t e r i s t i c  d i s t i n g u i s h e s  e x p o n e n t ia l  and  p h ase  2 
c e l l s .  M ain ten an ce  e n e rg y  p h ase  c e l l s  (F ig u re  9 ) &re n ° t  
s i g n i f i c a n t l y  d i f f e r e n t  from  p h a se  2 c e l l s .  P o s s ib ly ,  th e  
degree o f  p la s m o ly s is  h a s  d e c re a s e d .  The p re s e n c e  o f  d iv id in g  
c e l l s  i n  e l e c t r o n  m ic ro g ra p h s  in d i c a t e d  c e l l  d i v i s i o n  and  
grow th o c c u r re d  i n  p h a s e s  2 and 3 .
C. A n a ly s is  o f  E x t r a c e l l u l a r  P ro d u c ts  i n  th e  F i l t r a t e  o f  th e  
M ain tenance  E nergy  F e rm e n te r .
The a p p e a ra n c e  o f  e x t r a c e l l u l a r  p r o d u c ts  i n  th e  f i l t r a t e  
may he c o n s id e re d  to  he a  r e s u l t  o f  th e  s e c r e t i o n  o f  th e  
p ro d u c t by  th e  c e l l .  Wo ev id e n ce  o f  s i g n i f i c a n t  c e l l u l a r  
l y s i s  was fo u n d . The a b sen ce  o f  l a c t a t e  d eh y d ro g en ase  ( d a ta  
n o t p r e s e n te d )  in  th e  f i l t r a t e  was ta k e n  a s  an  i n d i c a t i o n  t h a t  
c e l l  l y s i s  d id  n o t  o c c u r  d u r in g  th e  c o u rse  o f  a n  e x p e r im e n t.
The p a t t e r n  o f  c e l l u l a r  s e c r e t i o n  p ro d u c ts  a p p e a r in g  
in  th e  f i l t r a t e  i s  shown i n  F ig u re s  10 and  11 . The d a ta  
p o in ts  r e p r e s e n t  th e  accu m u la ted  am ount o f  s e c r e te d  p ro d u c t  
th a t  had  been  p ro d u ced  up to  t h a t  sam p lin g  t im e . The fo llo w in g  
form ula r e l a t e s  th e  c o n c e n t r a t io n  o f  a  s e c r e te d  p ro d u c t  i n  
th e  f i l t r a t e  to  th e  am ount o f  s e c r e t i o n  d u r in g  a  g iv e n  tim e  
i n t e r v a l :
F ig .  6 . E a r ly  e x p o n e n t ia l  p h a se  c e l l s  o f  m a in te n a n ce  en e rg y  
f e rm e n te r  grown c u l tu r e  o f  E s c h e r ic h ia  c o l i  B.
7 0
>
F i g .  6
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F ig .  7- M ain ten an ce  e n e rg y  f e rm e n te r  grown c e l l s  o f
E s c h e r ic h ia  c o l i  B w hich  a r e  6 h  i n t o  p h a se  2 .
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' , S 4- , ,rlWr
F i g .  7
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F ig .  8 .  M ain ten an ce  e n e rg y  fe rm e n te r  grown c e l l s  o f
E s c h e r ic h ia  c o l i  B w hich  a r e  10 h  i n t o  p h a se  2 .
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F ig .  9 .  M ain ten an ce  en e rg y  f e rm e n te r  grown c e l l s  o f
E s c h e r ic h ia  c o l i  B w hich a r e  39 h  i n t o  p h a se  3 .
4«»>.‘ • C1'.
F ig .  9
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F ig .  10 . S e c r e t io n  o f  DNA ( A) ,  ENA (□ ) ,  p r o t e in  (a ) and
c a rb o h y d ra te  ( • )  b y  a  c u l t u r e  o f  E s c h e r ic h ia  c o l i  B. 
Each datum  p o in t  r e p r e s e n t s  t h e  t o t a l  accu m u la ted  
s e c r e t i o n  o f  a  p ro d u c t  a t  t h a t  t im e .  GPR was 162 
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F ig .  11 . S e c r e t io n  o f  DNA (A ), ENA (□ ) ,  p r o t e i n  (A )  and.
c a rb o h y d ra te  ( • )  b y  a  c u l tu r e  o f  E s c h e r ic h ia  c o l i  B. 
Each datum  p o in t  r e p r e s e n t s  th e  t o t a l  ac cu m u la ted  
s e c r e t i o n  o f  a  p ro d u c t  a t  t h a t  t im e .  GPR was 4-16 
p n o l ( h ) “ l  a t  an  F^ o f  60 m l(h )“ l .
| 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0








where Pg i s  th e  am ount o f  s e c r e te d  p ro d u c t  i n  th e  tim e  i n t e r v a l
and d t  i s  th e  tim e  i n t e r v a l  betw een  T^ and  Tq i n  h .
The ac cu m u la ted  am ount o f  s e c r e te d  p ro d u c t  a t  an y  tim e  _ 
t  was c a l c u l a t e d  by  summing th e  v a lu e s  o f  Pg o b ta in e d  from  
th e  a n a ly s e s  from  th e  tim e  o f  i n o c u la t io n  to  tim e  t .  S e c r e t io n  
was r e p re s e n te d  a s  th e  t o t a l  am ount o f  s e c r e te d  p ro d u c t  r a t h e r  
th an  a s  a  c o n c e n t r a t io n .  The c o n c e n t r a t io n  o f  a  s e c r e te d  
p ro d u c t i n  th e  f e rm e n te r  i s  a  f u n c t io n  o f  b o th  th e  r a t e  o f  
s e c re t io n  and  th e  d i l u t i o n  r a t e  o f  th e  p ro d u c t  i n  th e  f e rm e n te r ,  
whereas th e  am ount o f  s e c r e te d  p ro d u c t  a s  c a l c u l a t e d  by  th e  
above fo rm u la  a p p ro x im a te s  th e  t r u e  r a t e  o f  s e c r e t i o n .
KM and p r o t e in  (F ig u re  5) to  th e  c o r re s p o n d in g  am ounts in  
the  f i l t r a t e  (F ig u re  11) i n d i c a t e d  t h a t  th e  r a t e s  o f  s e c r e t i o n  
of DNA, ENA and  p r o t e in  w ere in d e p e n d e n t o f  g row th  p h a s e .  The 
r a te s  o f  DNA, ENA and  c a rb o h y d ra te  s e c r e t i o n  w ere c o n s ta n t  i n  
phases 2 and  3 , w h ereas  th e  r a t e  o f  p r o t e in  s e c r e t i o n  in c r e a s e d  
l a t e  in  p h a se  3• The am ounts o f  e x t r a c e l l u l a r  DNA, ENA and  
p r o te in  w ere found  to  be p r o p o r t io n a l  to  th e  g lu c o se  p r o v is io n  
r a t e .  I n  an  ex p e rim en t w here th e  g lu c o se  p r o v is io n  r a t e  was 
2 .6  t im e s  t h a t  o f  a n o th e r ,  th e  q u a n t i t y  o f  DNA, ENA and  
p r o te in  in c r e a s e d  on th e  a v e ra g e  2 .7  t im e s .  T h is  r e l a t i o n s h i p  
i s  f u r t h e r  d e f in e d  i n  F ig u re  12 w here th e  s e c r e t i o n  r a t e  i n
— Xpro d u c t i n  th e  f i l t r a t q ,  a t  T-^  i n  mg(ml) , P^ i s  th e  concen­
t r a t i o n  o f  s e c r e te d  p ro d u c t  in  th e  f i l t r a t e  a t  Tq i n  m g(m l)” ^
A com parison  o f  th e  c e l l u l a r  c o n c e n t r a t io n  o f  DNA,
F ig .  12 . R e la t io n s h ip  be tw een  DNA ( a ) ,  RNA ( D ) ,  and p r o t e in
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phase 3 i s  shown a s  a  f u n c t io n  o f  th e  g lu c o se  p r o v is io n  r a t e .  
The r a t e  o f  p r o t e in  s e c r e t i o n  (F ig u re  12c) fo llo w e d  a more 
complex f u n c t io n  o f  g lu c o se  p r o v is io n  r a t e  th a n  e i t h e r  DNA o r  
ENA and was fo u n d  to  he c u r v i l i n e a r  i n  n a t u r e .  S in ce  f r e e  
amino a c id s  w ere n o t  d e te c te d  i n  th e  f i l t r a t e ,  amino a c id s  
were l o s t  i n  th e  p o ly m e ric  fo rm .
D. E nergy  M etabo lism  i n  M ain ten an ce  E nergy  C u l t i v a t i o n .
The r e s u l t s  o f  a n  a n a l y s i s  o f  th e  f e r m e n ta t io n  p ro d u c ts  
produced by  E . c o l i  B d u r in g  th e  f e rm e n ta t io n  o f  g lu c o se  in  
the m a in ten an ce  e n e rg y  f e rm e n te r  a r e  shown i n  T ab le  7- The 
p ro d u c t r a t i o  f o r  e t h a n o l :a c e t i c  a c i d : s u c c i n i c  a c id  rem ain ed  
a p p ro x im a te ly  c o n s ta n t  th ro u g h o u t th e  3 p h a s e s  i n  th e  two 
runs i n  w hich  th e  s u b s t r a t e  p r o v is io n  r a t e s  d i f f e r e d  b y  a 
f a c to r  o f  4 .7 .  The r a t i o  o f  th e  q u a n t i ty  o f  a c e t i c  a c id  
produced to  th e  amount o f  g lu c o se  m e ta b o liz e d  i s  p r o p o r t io n a l  
to  th e  am ount o f  ATP p ro d u ced  (H em pfling  and  M a in z e r, 1975)* 
Using an  a v e ra g e  v a lu e  o f  72 mmol a c e t i c  a c id  p ro d u ced  p e r  100 
mmol g lu c o se  m e ta b o liz e d  (T a b le  Run A) a  v a lu e  o f  272 mmol 
ATP p e r  100 mmol g lu c o se  can  be  c a l c u l a t e d .
E. Mass T r a n s f e r  A n a ly s is  o f  Growth i n  P h ase  2 and  P h ase  3 .
The p a t t e r n  o f  m ass a c c u m u la tio n  i n  p h a s e s  1 , 2 and  3 
in  th r e e  e x p e rim e n ts  co n d u c ted  a t  d i f f e r e n t  g lu c o se  p r o v is io n  
r a te s  i s  shown i n  F ig u re  13 . The p a t t e r n  o f  m ass a c c u m u la tio n  
in  p h ase  2 and  p h a se  3 i n d i c a t e d  t h a t  th e  g row th  r a t e  i n  
phase 2 ( r a n d  p h a se  3 •> a s  w e ll  a s  th e  m ass a t  th e  end
of p h ase  2 (Xg ^ ) ,  in c r e a s e d  a s  th e  GPR was in c r e a s e d .  These 
th re e  e x p e r im e n ts  a r e  shown to  d i s p la y  th e  m ass a c c u m u la tio n
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Table 7* G lucose F e rm e n ta tio n  P ro d u c ts  P ro d u ced  b y  E s c h e r ic h ia  
c o l i  B Grown i n  th e  M ain ten an ce  E nergy  F e rm e n te r .
Run Phase Hr
E th a n o l
a
P ro d u c ts
A c e tic
A cid
. b . c .
S u c c in ic
A cid
Ad 2 1 2 .2 5 72 73 11
17 65 75 16
22 86 74 17
3 36 93 72 17
47 86 70 20
60 103 70 25
7 1 .5 98 70 24
Be 2 29 78 65 23
3 42 75 67 24
6 8 .5 76 74 25
E x p ressed  in  m i l l im o le s  p e r  1 0 0 nmol o f  g lu c o se  fe rm e n te d .
L a c tic  a c id  c o n c e n t r a t io n  below  d e t e c t io n  l i m i t  / 0 . 1  nmol 
(m l)- ^ - o f  p ro c e d u re .  Form ic a c id  was n o t  d e te rm in e d .
P ro d u c t r a t i o s  f o r  e t h a n o l :a c e t i c  a c id : s u c c i n i c  a c id  i n  
p h ase  1 (Run A) w ere : 1 :0 .8 2 :0 .1 2  a t  7*25 h  and  i n  p h a se
1 (Run B; w ere: 1 :1 .0 4 :0 .1 1  a t  6 .0  h .  F o r  co m p ariso n ,
th e  r a t i o  i n  p h a se  2 (Run A) was 1 :0 .8 5 :0 .2 0  a t  22 h  and
in  p h a se  3 (Run A) was 1 :0 .7 1 :0 .2 4  a t  7 1 -5  h .  Com parable 
f ig u r e s  f o r  Run B w ere 1 :0 .8 4 :0 .2 9  a t  29 h  and  1 :0 .9 7 :  
0 .3 5  a t  6 8 .5  h .
dGPR o f  162 p m o l  g lu c o se  ( h ) “ \  F^ was 23 m l(h )_ d .
eGPR o f  752 p n o l  g lu c o s e  ( h ) - d , F^ was 105 m l(h ) - '1' .
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F ig .  13 . R e la t io n s h ip  betw een  b a c t e r i a l  m ass a c c u m u la tio n
and GPR when th r e e  d i f f e r e n t  v a lu e s  o f  th e  glucose-, 
p r o v is io n  r a t e  o f  1503 u m o l(h )“ l  ( o ) ,  782 um ol(h ) 
(□ ) , and  416 u m o l(h )“ l  ( a ) w ere u s e d . The v a lu e  o f  
Sp i n  each  ex p e rim e n t was 6 .9 4  ^ m o l(m l)- -*-. The 
cXosed sym bols r e p r e s e n t  th e  mean o f  t h r e e  r e p l i c a t e  
sam p les . The le n g th  o f  th e  b a r  r e p r e s e n t s  th e  ran g e  
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over a  w ide ran g e  o f  g lu c o se  p r o v is io n  r a t e s .  The g e n e ra l  
p a t te r n  o f  m ass a c c u m u la tio n  h a s  b een  v e r i f i e d  i n  19 o th e r  
ex p e rim en ts . The i n f l e c t i o n  p o in t s  betw een  p h a s e s  1 an d  2 
and betw een  p h a s e s  2 and  3 w ere d e te rm in e d  by  e x t r a p o la t in g  
th e  l i n e s  i n  th e  v a r io u s  p h a se s  to  th e  i n t e r s e c t i o n  p o in t  
w ith  th e  l i n e s  o f  th e  a p p r o p r ia te  p h a s e .  The e x t r a p o la t io n  
was found  to  be  a n  a c c u r a te  d e te rm in a tio n  o f  th e  m ass t h a t  
o ccu rred  a t  th e  i n f l e c t i o n  p o i n t .  O th e r e x p e r im e n ts  (F ig u re  
18) show t h a t  th e  e x t r a p o la t io n  i s  v a l i d .
The r a t e  o f  m ass a c c u m u la tio n  i n  p h a s e s  2 and  3 
p lo t te d  a g a in s t  GPR i s  shown i n  F ig u re  1 4 . The l i n e  w hich 
r e la te d  rg  to  GPR was d e te rm in e d  by  l i n e a r  r e g r e s s io n .  S in c e  
th e  d e v ia t io n s  o f  th e  d a ta  p o in t s  from  th e  r e g r e s s io n  l i n e  
were l a r g e ,  a  t - t e s t  (S n ed eco r and  C o c h rin , 1967) was co n d u c ted  
to  d e te rm in e  i f  th e  l i n e  c o u ld  be f i t t e d  th ro u g h  th e  o r i g i n .
The t - v a lu e  was 0 .5 0  w hich  i s  n o t  s i g n i f i c a n t  a t  th e  5% l e v e l  
w ith  11 d e g re e s  o f  freed o m . T h e re fo re ,  a  l i n e a r  l i n e  w hich 
r e l a t e s  ^  to  GPR can  be f i t t e d  th ro u g h  th e  o r i g i n .  T h is  
r e l a t io n s h ip  can  be d e s c r ib e d  by  th e  e q u a tio n :
r 2 = d( S^RFR^ 23
where d i s  th e  r e g r e s s io n  c o e f f i c i e n t  and  h a s  a  v a lu e  o f  
0.0208 mg b a c t e r i a l  d ry  w e ig h t (umol g lu c o s e ) - 1 . From th e  
d e f in i t i o n  o f  g row th  y i e l d  (b io m ass  p ro d u ced  p e r  amount o f  
s u b s t r a te  m e ta b o liz e d )  i t  fo llo w s  t h a t  YQ i n  p h a se  2 i s  e q u a l3.
to  d and  i s  c o n s ta n t  i n  p h a se  2 .
I n s p e c t io n  o f  th e  d a ta  i n  F ig u re  14 i n d i c a t e s  t h a t  th e  
r e l a t io n s h ip  be tw een  r ^  and  GPR i s  c u r v i l i n e a r  i n  n a tu r e .
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F ig .  14 . R e la t io n s h ip  b e tw een  r a t e  o f  b a c t e r i a l  m ass accum ula­
t i o n  i n  p h a se  2 (O) and  p h ase  3 ( • )  and  g lu c o se  
p r o v is io n  r a t e .  Each d a ta  p o in t  r e p r e s e n t s  th e  grow th 
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Ihe l e a s t  c o m p lic a te d  cu rv e  t h a t  can  be f i t t e d  to  th e  d a ta  i s  
a s im ple  e x p o n e n t ia l  f u n c t io n .  A l i n e a r  r e g r e s s io n  o f  
l o g a r i th m ic a l ly  tra n s fo rm e d  d a ta  r e s u l t s  i n  th e  fo llo w in g  
e q u a tio n :
r^ = a(Sj^Fg) 2^ ).
where a  i s  th e  a n t i l o g  o f  th e  o r d in a te  i n t e r c e p t  and  h a s  th e
- 4  ✓ N -lva lue  o f  7*18 X 10 mg b a c t e r i a l  d ry  w e ig h t (pmol g lu c o s e ;
and b i s  th e  l i n e a r  r e g r e s s io n  c o e f f i c i e n t  and  h a s  th e  v a lu e  
of 1 .4 1 .
The g row th  r a t e  i n  g e n e r a l  i n  e i t h e r  p jia se  2 o r  p h ase  
3 can be d e s c r ib e d  a s :
r  -  Ya (SHEB) 25
where Ya i s  th e  a p p a re n t  c e l l  y i e l d  and  d e f in e d  a s A x / i s  
where A x i s  th e  change i n  m ass (mg) p e r  tim e  and  A s  i s  th e  
amount o f  s u b s t r a t e  (pm ol) consumed p e r  t im e . The v a lu e  f o r  
Ya in  p h a se  3 can  be  c a l c u l a t e d  from  th e  c o m b in a tio n  o f  
e q u a tio n s  24 and  25 . The r e s u l t i n g  e q u a tio n  i s :
Ya  = a C S ^ ) * - 1 26
and i s  g r a p h ic a l ly  d is p la y e d  i n  F ig u re  15 . U n lik e  Y_ i n  p h ase
cl
2, Y_ i n  p h a se  3 fo llo w s  a  c u r v i l i n e a r  f u n c t io n  o f  GPR.
d.
The p l o t  o f  th e  t o t a l  f e rm e n te r  m ass (X2 i n  mg v s  
GPR (F ig u re  16) i n d i c a t e d  a  l i n e a r  r e l a t i o n s h i p  b e tw een  th e s e
two v a r i a b l e s .  The v a lu e  o f  Xg e . i .  th e  m ass o f  th e
p o p u la t io n  a s  i t  e n t e r s  th e  m a in ten a n ce  e n e rg y  p h a s e ,  sh o u ld  
be d e te rm in e d  b y  th e  m a in ten an ce  e n e rg y  demands o f  th e  p o p u la ­
t io n .  I f  t h i s  i s  th e  c a s e ,  Xg ^ sh o u ld  be i d e n t i c a l  to  th e
F ig .  1 5 . The dependence o f  th e  a p p a re n t  g row th  y i e l d  i n  p h a se  
3 on g lu c o se  p r o v is io n  r a t e .  The cu rv e  was c a lc u ­
l a t e d  from  e q u a t io n  26 .
H-cn
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F ig . 16 . R e la t io n s h ip  betw een  t o t a l  c e l l  m ass i n  th e  f e r -
m e n te r  a t  th e  end o f  p h ase  2 and  g lu c o se  p r o v is io n  
r a t e .  Each d a ta  p o in t  r e p r e s e n t s  a  s in g le  d e t e r ­
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maximum m ass o b ta in a b le  i n  a  system  w here th e  p o p u la t io n s ' 
m ain tenance e n e rg y  r e q u ire m e n ts  u l t i m a t e l y  l im i t e d th e  p o p u la ­
t io n  s i z e .  The maximum p o p u la t io n  m ass can be r e la te d ,  to  th e  
m ain tenance demands o f  a  p o p u la t io n  b y  th e  r e l a t i o n s h i p  g iv e n  
in  e q u a tio n  18 . T h is  e q u a tio n  i s  v a l i d  u n d e r  c o n d i t io n s  i n  
which th e  r e s i d u a l  s u b s t r a t e  c o n c e n t r a t io n  i n  th e  f e rm e n ta t io n  
v e s s e l  i s  z e ro .  I f  Xg ^ i s  ta k e n  a s  e q u iv a le n t  to  and
q„ a s  th e  a s s i m i l a t i o n  c o e f f i c i e n t  a c t u a l l y  o b se rv ed  i n  p h a se
cl
2 (s e e  fo llo w in g  s e c t io n ) ,  th e  Xg ^ can  be u se d  to  c a l c u l a t e
th e  m a in ten an ce  en e rg y  c o e f f i c i e n t  o f  a  p o p u la t io n  a t  th e  end
of p h ase  2 . U sin g  th e  s lo p e  o f  F ig u re  16 (0 .5 7 7  mg b a c t e r i a l
dry  wt (pm ole g lu c o s e ) - '1' and  a  qg^  r a n g in g  from  0 .0 5  to  0.135>
an mc ra n g in g  from  0 .0 0 1 6 5  to  0.0014-5 p m o l  g lu c o se  Qag b a c t e r i a l
d ry  w t) - '1'( h ) - '1' can  be c a l c u l a t e d .  T hese v a lu e s  f o r  th e  m a r ec
a p p ro x im a te ly  50 to  70% g r e a t e r  th a n  th e  v a lu e  d e te rm in e d  
(0 .00096  pmol g lu c o s e ) ( / ig  b a c t e r i a l  d ry  w t) - '1'( h ) - '1' i n  th e  
ch em o sta t.
F. A s s im i la t io n  o f  S u b s t r a te  C arbon in t o  C e ll-b o u n d  C arb o n .
The am ount o f  s u b s t r a t e  ca rb o n  t h a t  i s  in c o r p o ra te d  
in to  c e l l  c a rb o n  can  be c a l c u l a t e d  on th e  b a s i s  o f  c e l l  y i e l d  
i f  th e  f r a c t i o n  o f  s u b s t r a t e  and  th e  f r a c t i o n  o f  b iom ass t h a t  
i s  ca rb o n  i s  known (S to u th am er and  B e tte n h a u se n , 1975)• S in c e  
th e  g lu c o se  c o n c e n t r a t io n  i n  th e  f e rm e n te r  i s  e s s e n t i a l l y  ze ro  
in  p h a s e s  2 and  5 and  r g  and r ^  a r e  c o n s ta n t  i n  t h e i r  r e s p e c t iv e  
p h a se s , h en ce  th e  r a t e  o f  a s s i m i l a t i o n  i s  c o n s ta n t ,  t h e  r a t e  
of change o f  b a c t e r i a l  m ass i n  b o th  p h a se  2 and  p h a se  3 can  
be u sed  to  c a l c u l a t e  th e  a s s i m i l a t i o n  c o e f f i c i e n t  ( d , ) .  The
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amount o f  s u b s t r a t e  ca rb o n  a s s im i l a t e d  i s  d e te rm in e d  from  th e  
r e l a t i o n s h i p :
AS = A Sc 27
where S i s  th e  am ount o f  s u b s t r a t e  u t i l i z e d , a S i s  th e
amount o f  s u b s t r a t e  u t i l i z e d  to  p ro v id e  c e l l  c a rb o n , and  A S ,^
i s  th e  am ount o f  s u b s t r a t e  u t i l i z e d  to  p ro v id e  e n e rg y . The 
p a ram e te r  q„ i s  r e l a t e d  to  A S by th e  r a t i o :
c l C
= <3a
A F ^ 28
I f  e q u a tio n  27 i s  d iv id e d  by AX (change i n  t o t a l  f e rm e n te r  
mass p e r  t im e )  and  th e  fo llo w in g  s u b s t i t u t i o n  made: a X/a S =
Ya , AX/ASC = Y , and  AX/AS-g = Y-g, e q u a tio n  27 can  be e x p re s s e d  
a s :
1 1 + 1
Ya “ Yc YE 29
where Y i s  th e  a p p a re n t  g row th  y i e l d ,  Y i s  th e  g row th  y i e l d  d c
in  te rm s o f  ca rb o n  a s s i m i l a t i o n  and  Yg i s  th e  g row th  y i e l d  i n
term s o f  e n e rg y  u t i l i z a t i o n .  Y and  hence  AS can  be d e t e r -c c
mined b y  u se  o f  th e  r e l a t i o n s h i p :
Y = - J -c 30
w h e r e i s  th e  f r a c t i o n  o f  s u b s t r a t e  t h a t  i s  c a rb o n  and  / i s
th e  f r a c t i o n  o f  b io m ass  t h a t  i s  c a rb o n . The v a lu e  o f  ]( f o r
E. c o l i  B was d e te rm in e d  a s  0 .4 5 6  }igC(jig c e l l  d ry  w e ig h t) - "'' 
in  c e l l s  u t i l i z i n g  a  v a r i e t y  o f  ca rb o n  s o u rc e s  o v e r  a  l a r g e  
range o f  s p e c i f i c  g row th  r a t e s  (H em pfling  and  M ain z e r, 1975)*
9 8
The above e q u a tio n s  w ere u se d  t o  c a l c u l a t e  th e  p e r c e n t  
a s s im i la t io n  (qg e x p re s s e d  a s  a  p e r c e n t )  o f  s u b s t r a t e  ca rb o n  
in  p h ase  2 and  p h a se  3 o v e r  a  ra n g e  o f  g lu c o se  p r o v is io n  r a t e s .  
These r e s u l t s  a r e  shown g r a p h ic a l ly  i n  F ig u re  17 . A s s im ila ­
t io n  in  p h a se  3 and  p h a se  2 fo llo w e d  a  c u r v i l i n e a r  f u n c t io n  
of g lu c o se  p r o v is io n  r a t e  w here a s s i m i l a t i o n  in c r e a s e d  a s  
g lucose  p r o v is io n  r a t e  in c r e a s e d .  A s s im i la t io n  i n  p h a se  2 
reached  a  l i m i t  v a lu e  o f  a p p ro x im a te ly  13% a t  s u b s t r a t e  p r o ­
v is io n  r a t e s  above 400 p n o l g lu c o s e ( h ) - ^ . T h is  m axim al l i m i t  
of a s s im i l a t i o n  o f  s u b s t r a t e  ca rb o n  ap p ro x im a te d  th e  p e rc e n ta g e  
o f in c o r p o r a t io n  (13.5% ) c a l c u l a t e d  f o r  e x p o n e n t ia l  g row th  
in  th e  c h e m o s ta t. The v a lu e  o f  f o r  e x p o n e n t ia l  g row th  was 
c a lc u la te d  a s  above u s in g  th e  d a ta  p r e s e n te d  in  T ab le  3- An 
average v a lu e  f o r  qa o f  1 3 . 2% i n  p h ase  2 can  a l s o  be c a l c u l a t e d  
from th e  v a lu e  o f  Y& w hich  was o b ta in e d  from  e q u a tio n s  24 and  
25. T h is  v a lu e  f o r  qg i s  a p p ro x im a te ly  e q u a l to  th e  v a lu e s  
o b ta in ed  above f o r  th e  m axim al v a lu e  i n  p h a se  2 and  f o r  expo­
n e n t i a l  g ro w th . S in c e  Ya i s  a  c o n s ta n t  i n  p h ase  2 , qg s h o u ld  
a lso  be a  c o n s ta n t  o v e r  a  w ide ra n g e  o f  s u b s t r a t e  p r o v is io n  
r a t e s  i n  p h a se  2 .
G. Response o f  a  M ain ten an ce  E nergy  P hase  C u ltu re  to  an  
In c re a s e  i n  GPR.
The re sp o n s e  o f  a  m a in ten an ce  e n e rg y  p h ase  c u l tu r e  
to  a  f o u r f o ld  in c r e a s e  i n  GPR i s  shown i n  F ig u re  18 . The GPR 
was in c r e a s e d  to  1500 jam o l(h )“ '1' b y  in c r e a s in g  F^ from  55*8 
m l(h )" ''‘ t o  216 m l(h ) - '*' a t  6 9 .2 5  h  o r  45 h  i n t o  p h ase  3 . The 
c u l tu r e  re sp o n d ed  im m e d ia te ly  to  th e  in c r e a s e d  s u p p ly  o f
99
F ig .  1 7 . D ependence o f  p e r c e n t  a s s i m i l a t i o n  i n  p h a se  2 (O) 
and  p h ase  3 ( • )  on g lu c o s e  p r o v is io n  r a t e .  Each 
d a ta  p o in t  r e p r e s e n t s  one d e te rm in a tio n  from  th e  
r a t e  o f  m ass change i n  th e  r e s p e c t iv e  p h a s e s .  
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E ig . 18 . R esponse o f  " b a c te r ia l  d ry  w e ig h t (o), c e l l  num bers 
(■ ) ,  DNA (A ) , ENA (□ ) and  p r o te in  (A ; i n  a m a in ten ­
an ce  e n e rg y  p h ase  c u l tu r e  to  a  f o u r - f o l d  in c r e a s e  
i n  GPR. The p r e - s h i f t - u p  Ep was 55-8  m l(h ) - -1- and 
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g lu c o se . The r a t e  o f  change o f  b a c t e r i a l  d ry  w e ig h t,  p r o t e i n ,  
ENA and c e l l  num bers in c r e a s e d  w ith o u t  a  p e r c e p t i b l e  d e la y .
The amount o f  DNA was an  e x c e p tio n  to  t h i s  p a t t e r n .  The r a t e  
of DNA a c c u m u la tio n  rem ain ed  unchanged  d u r in g  th e  i n i t i a l  8 h ,  
a f t e r  w hich tim e  th e  r a t e  o f  DNA a c c u m u la tio n  in c r e a s e d .
B a c te r i a l  n u m b ers, d ry  w e ig h t and  p r o t e i n  in c r e a s e d  
betw een 30 and  40 p e r c e n t  d u r in g  th e  f i r s t  6 h  o f  in c r e a s e d  
GPR. The in c r e a s e  i n  ENA was a t  l e a s t  2 t im e s  th e  in c r e a s e  
in b a c t e r i a l  d ry  w e ig h t, p r o t e in  and  b a c t e r i a l  num bers d u r in g  
th e  i n i t i a l  6 h  o f  in c r e a s e d  GPR.
D uring  th e  s h i f t - u p ,  g lu c o se  was p ro v id e d  a t  a  r a t e  
which was i n  e x c e s s  o f  th e  g lu c o se  n e c e s s a r y  to  m eet th e  
m ain tenance e n e rg y  r e q u ire m e n ts  o f  th e  p o p u la t io n  t h a t  e x i s t e d  
a t  th e  tim e  o f  s h i f t - u p .  T h e re fo re ,  th e  r a t e  o f  m ac ro m o lecu la r 
accu m u la tio n  d u r in g  th e  s h i f t - u p  w ould be e x p e c te d  to  be p r o ­
p o r t io n a l  to  th e  r a t e  o f  a c c u m u la tio n  t h a t  e x i s t e d  i n  p h a se  2 . 
The r a t e s  o f  m acrom olecu le  a c c u m u la tio n  i n  p h ase  2 and  3 and- 
in  th e  s h i f t - u p  a r e  sum m arized i n  T a b le  8 .  The r a t e  o f  
in c re a s e  o f  b a c t e r i a l  d ry  w e ig h t d u r in g  th e  i n i t i a l  6 h  o f  
th e  s h i f t - u p  was e x a c t ly  4  t im e s  and  p r o t e i n  3 t im e s  th e  r a t e  
o f a c c u m u la tio n  o f  th e  r e s p e c t iv e  m acro m o lecu les  d u r in g  p h a se  
2. The r a t e  o f  ENA a c c u m u la tio n  d u r in g  th e  s h i f t - u p  ( i n i t i a l  
6 h ) was 8 t im e s  th e  p h a se  2 r a t e .
Dry w e ig h t,  p r o t e i n  and  b a c t e r i a l  num bers a l l  fo llo w e d  
a h y p e rb o l ic  p a t t e r n  o f  in c r e a s e  d u r in g  th e  s h i f t - u p  a s  
opposed to  th e  l i n e a r  r a t e  o f  in c r e a s e  seen  i n  p h a se  2 .
T a b le  8 . Change i n  C u ltu re  P a ra m e te rs  When a  P h ase  3 C u ltu re  was E xposed t o  a  
P o u r - f o ld  I n c r e a s e  i n  GPRa .
P a ra m e te r P e rc e n t  I n c re a s e  
i n  C u ltu re  P a ra m e te r  
D uring  th e  S h i f t - u p
R a te  o f  C harge o f  
P h ase  2 P h ase  3
P a ra m e te r0
S h i f t - u p
Dry W eight 43 1 4 .5 8 .8 5 9 .0
P r o te in 38 1 3 .5 7 .8 3 9 .0
ENA 87 1 .6 0 .3 1 3 .0
DNA 5 1 .2 0 .3 0 .3
B a c te r i a l  Numbers 30 - - -
aP h ase  3 GPR was 387 p m o le (h )  a t  a  L  o f  55*8 m l(h )  1 . A t 45 h  i n t o  p h a se  3 , 
Pg was in c r e a s e d  to  216 m l( h ) ~ l .
^ A p p lie s  to  f i r s t  6 h  o f  in c r e a s e d  GPR.




H. Loss o f  C e l l u l a r  M acrom olecu les D u rin g  M ain ten an ce  E nergy  
C u l t i v a t i o n .
T h e  l o s s  o f  c e l l u l a r  m a c r o m o l e c u l e s  w a s  f o l l o w e d  b y
■5 1 4r a d io la b e l l i n g  c e l l s  w ith  e i t h e r  ^ H - th y m id in e , C -g lu co se  o r
^ "C -le u c in e . The l o s s  o f  c e l l -b o u n d  c a rb o n  was d e te rm in e d  by  
14-adding C -g lu c o se  to  th e  f e rm e n ta t io n  v e s s e l  d u r in g  th e
a p p r o p r i a t e  p h a s e  a n d  f o l l o w i n g  t h e  l o s s  o f  r a d i o a c t i v i t y
1 4from th e  c e l l s .  The r a t e  o f  l o s s  o f  C -ca rb o n  from  th e  c e l l  
was c a lc u la te d  from  th e  r e l a t i o n s h i p :
1  *i cL
dpm C m l)^ = dpm (m l)“ 0 e"  52
w h e r e  d p m ( m l ) ^  i s  t h e  c o n c e n t r a t i o n  o f  c e l l - b o u n d  r a d i o ­
a c t i v i t y  a t  t i m e  1 ,  d p m ( m l ) ^ Q  i s  t h e  c o n c e n t r a t i o n  o f  c e l l -
b o u n d  r a d i o a c t i v i t y  a t  t i m e  T q ,  d  i s  t h e  r a t e  o f  l o s s  o f
r a d i o a c t i v i t y  p e r  h o u r ,  t  i s  t h e  t i m e  i n t e r v a l ,  i n  h o u r s ,  
b e t w e e n  T ^  a n d  T q  a n d  e  i s  t h e  b a s e  o f  t h e  n a t u r a l  l o g a r i t h m s .  
T h e  v a l u e  o f  d  w a s  e x p r e s s e d  a s  a  p e r c e n t a g e  t o  o b t a i n  t h e  
p e r c e n t  l o s s  o f  r a d i o a c t i v e l y  l a b e l e d  c o m p o u n d  p e r  h .  T h i s  
f o r m u l a  w a s  u s e d  t o  c a l c u l a t e  a l l  s u c c e e d i n g  r a t e s  o f  r a d i o ­
l a b e l  l o s s .  T h e  d a t a  e x p r e s s e d  i n  F i g u r e  1 9  i n d i c a t e d  t h a t
1 4th e  r a t e  o f  l o s s  o f  C - la b e le d  c a rb o n  was a  f u n c t io n  o f  
grow th p h a s e .  The r a t e  o f  c a rb o n  l o s t  p e r  h  in c r e a s e d  a s  th e  
c e l l s  e n te r e d  p h a se  5* D u rin g  p h ase  5? th e  r a t e  o f  c a rb o n
l o s t  p e r  h  showed a c u r v i l i n e a r  p a t t e r n  w ith  th e  r a t e  o f  l o s s
d e c re a s in g  l a t e  i n  p h a se  5- The r a t e s  o f  l o s s  o f  c e l l -b o u n d  
carbon p e r  h  a r e  sum m arized i n  T ab le  9 f o r  a  s e r i e s  o f  
ex p erim en ts  co n d u c ted  a t  a  ran g e  o f  g lu c o se  p r o v is io n  r a t e s .
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F ig .  19 . L oss o f  C - la b e le d  c a r to n  from  c e l l s  i n  p h a se  2 
and  p h a se  5 . C -g lu co se  was added  a t  a  tim e  
c o r re s p o n d in g  t o  th e  a rro w . GPR was 387 pm o l(h ) 
a t  an  P r  o f  56 m l(h ) - 1 . The b a r s  r e p r e s e n t  th e  
ra n g e  i n  v a lu e s  o b ta in e d  from  two d e te r m in a t io n s .  
The l o c a t io n  o f  th e  p h a s e s  was d e te rm in e d  on th e  









Cel l  b o u n d  r a d i o a c t i v i t y  (I o g (Q d p m  ( m Q - , 3
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Table 9* L oss o f  C ell-B o u n d  Carbon from  M ain ten an ce  E nergy  
F e rm e n te r  C u l tu r e s  o f  E s c h e r ic h ia  c o l i  B.
Glucose
P ro v is io n
Rate
p u o l(h ) -
P e rc e n t L oss o f C ell-B o u n d Carbon (h )  ^
P h ase  2 P hase  3 
e a r ly ^
Phas.e 3 
l a t e ^
S h i f t - u p c
1500 - - 2 .0 -
1250 - - 0 .9 -
400 0 .4 - 1 .2 3 .5
430 0 .6 1 .2 0 .7 -
390 0 .4 1 .3 0 .8 -
E a r ly  p h a se  3 r a t e s  w ere c a l c u l a t e d  in  th e  i n i t i a l  15 h  o f  
p h ase  3 .
•u
L ate  p h ase  3 r a t e s  w ere c a l c u l a t e d  a f t e r  50 h .
(*
S u b s tr a te  p r o v is io n  r a t e  was in c r e a s e d  l a t e  i n  p h ase  3 
to  a p p ro x im a te ly  4  t im e s  th e  v a lu e  u se d  th ro u g h o u t 
p h a se s  1 , 2 an d  3*
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The change i n  r a t e  o f  ce ll-b o u n d , c a rb o n  l o s s  betw een  p h ase  2 
and p h ase  3 was found  to  be r e p ro d u c ib le  a s  was th e  c u r v i ­
l i n e a r  p a t t e r n  o f  l o s s  i n  p h a se  3- The r a t e  o f  l o s s  o f
carbon i n  p h ase  3 did. n o t  a p p e a r  to  be a  f u n c t io n  o f
s u b s t r a te  p r o v is io n  r a t e .  I n  .a s h i f t - u p  e x p e r im e n t, th e  r a t e
of carbon  l o s s  l a t e  in  p h a se  3 was found  to  in c r e a s e  from
—1 —11.2% ( h ) “ to  3-5% (h )  when th e  g lu c o se  p r o v is io n  r a t e  was
in c re a s e d  by  a  f a c t o r  o f  4  tim e s  t h a t  o f  th e  v a lu e  u se d
th ro u g h o u t p h a se s  1 , 2 and  3 . T h e re fo re ,  t h i s  r a t e  i s
p ro p o r t io n a l  to  th e  in c r e a s e  i n  th e  r a t e  o f  g lu c o se  p r o v is io n
(4 t im e s ) .
The r a t e  o f  l o s s  o f  DNA and  p r o t e in  was d e te rm in e d
3 14by fo llo w in g  th e  d is a p p e a ra n c e  o f  H -th y m id in e  and  C-
le u c in e  from  m a in ten an ce  en e rg y  f e rm e n te r  c u l t u r e s  w hich had
been la b e le d  w ith  th e s e  compounds d u r in g  p h a se  1 . These
r e s u l t s  a r e  shown g r a p h ic a l ly  i n  F ig u re  20 an d  a  summary o f
th e  r a t e s  o f  lo s s  o c c u r r in g  i n  th e  d i f f e r e n t  p h a s e s  i s  shown
in  T ab le  10 . The r a t e  o f  l o s s  o f  DNA a s  m easured  b y  th e
d isa p p e a ra n c e  o f  - 'H -thym id ine rem ain ed  c o n s ta n t  th ro u g h o u t
phase 2 and  p h a se  3 a t  a  r a t e  o f  1.9% ( h ) - 1 . The r a t e  o f
p r o te in  l o s s  a l s o  rem ain ed  c o n s ta n t  i n  p h a se  3 a t  a  r a t e  o f
1.1% ( h ) " 1 .
The r a t e  o f  a p p e a ra n c e  o f  d ip h en y lam in e  r e a c t i v e  
m a te r ia l  i n  th e  f i l t r a t e  (F ig u re  11a) can  be u se d  t o  a p p ro x i­
mate th e  r a t e  o f  l o s s  o f  c e l l u l a r  DNA assu m in g  d ip h en y lam in e  
r e a c t iv e  m a te r ia l  i n  th e  f i l t r a t e  r e p r e s e n t s  l o s s  o f  DNA from  
th e  c e l l .  I f  t h i s  a ssu m p tio n  i s  v a l i d ,  th e  r a t e  o f  l o s s  o f  
DNA a s  m easu red  by th e  l o s s  o f  ^H -thym id ine  sh o u ld  a p p ro x im a te
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P ig .  20 . L oss o f  c e l l u l a r  DNA (^ H - la b e l)  (u p p e r  l i n e )  and  
p r o t e in  (-‘-^ 'C -lab e l)  ( lo w e r  l i n e )  from  a m a in te n ­
an ce  en e rg y  f e rm e n te r  c u l tu r e  o f  E s c h e r ic h ia  c o l i  
B. R a d io la b e ls  w ere added  a t  th e  a rro w . E c p e r i -  
m e n ta l c o n d i t io n s  w ere i d e n t i c a l  to  P ig .  18 .
Each b a r  r e p r e s e n t s  th e  ran g e  o f  v a lu e s  o b ta in e d  
from  two d e te r m in a t io n s .  The l o c a t io n  o f  th e  
p h a se  ch an g es w ere d e te rm in e d  on th e  b a s i s  o f  
b a c t e r i a l  d ry  w e ig h t d a ta .
P h a s e  I P h a s e  2 P h a s e  3 Sh i  f t - u p
5 . 0 -  ■
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Table 10 . L oss o f  DNA and P r o te in  Prom M ain tenance  E nergy  
F e rm e n te r  Grown C e l l s  o f  E s c h e r ic h ia  c o l i  B.
Growth P hase
P e r c e n t  L oss o f  M acrom olecu les 
DNA
p e r  h o u r 
P r o te in
Phase 2 1 .9 1 .1
Phase 3 1 .9 1 .1
S h if t - u p a 5 .6 2 .4
clG lucose p r o v is io n  r a t e  was in c r e a s e d  l a t e  i n  p h a se  3 
to  a p p ro x im a te ly  4  t im e s  th e  v a lu e  u se d  th ro u g h o u t 
p h a se s  1 , 2 and  3-
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the r a t e  o f  l o s s  o f  ENA a s  m easu red  "by d ip h en y lam in e  r e a c t i v e  
m a te r ia l .  A t a  GPE o f  390 jam ol(h )- 1 , th e  r a t e  a t  w hich  th e  
experim ent i n  F ig u re  20 was co n d u c ted  th e  r a t e  o f  ENA s e c r e ­
t io n  o r  l o s s  o f  d ip h en y lam in e  r e a c t i v e  m a te r ia l  i n  p h a se  3 
(F ig u re  12) w ould he 1 m g(h )- '1' .  U sin g  a  v a lu e  o f  1.9% ( h ) -1  
c a lc u la te d  from  th e  d a ta  i n  F ig u re  20 and  a t o t a l  am ount o f  
DNA in  th e  f e rm e n te r  o f  1 1 .3  mg a t  60 h o u rs  p o s t - i n o c u l a t i o n  
tim e , a r a t e  o f  ^ H -la b e le d  ENA l o s s  o f  0 .2  mg(h)""^ i s  o b ta in e d .  
Since th e  v a lu e  o f  th e  s e c r e t i o n  r a t e  o b ta in e d  from  th e  
t r i t i u m - l a b e l e d  DMA i s  o n e - f i f t h  th e  v a lu e  o b ta in e d  from  th e  
f i l t r a t e  ENA, ENA p r e c u r s o r s  a r e  s y n th e s iz e d  and  s e c r e te d  
b e fo re  b e in g  in c o r p o ra te d  i n t o  ENA.
The p a t t e r n  o f  c e l l u l a r  c a rb o n  l o s s  (F ig u re  19) was 
d i f f e r e n t  th a n  th e  p a t t e r n  o f  c e l l u l a r  ENA and  p r o t e i n  l o s s  
(F ig u re  2 0 ) .  B oth ENA and p r o t e i n  w ere l o s t  a s  a  s im p le  
e x p o n e n tia l f u n c t io n  w here c e l l  ca rb o n  was l o s t  i n  a  more 
c o m p lica ted  m anner w ith  th e  r a t e  o f  l o s s  in c r e a s in g  a s  th e  
c e l l s  e n t e r  p h a se  3 and. th e n  d e c re a s in g  a s  th e  c e l l s  p r o g re s s  
th ro u g h  p h ase  3-
S h i f t - u p  e x p e r im e n ts  i n d i c a t e d  a s u b s t a n t i a l  in c r e a s e  
in  th e  r a t e  o f  l o s s  o f  c e l l u l a r  ENA and  p r o t e in  when th e  g lu ­
cose p r o v is io n  r a t e  was in c r e a s e d  by  a  f a c t o r  o f  4  t im e s  in  
l a t e  p h ase  3- DNA lo s s  in c r e a s e d  by a  f a c t o r  o f  3 t im e s  
from 1.9% ( h ) “ ‘L i n  l a t e  p h a se  3 to  5*6% ( h ) “ \  and  su b se ­
q u e n tly  d e c re a s e d  to  3-2% ( h ) - '*' d u r in g  th e  p e r io d  o f  
in c re a s e d  g lu c o se  p r o v is io n  r a t e .  The l o s s  o f  c e l l u l a r  
p r o te in  showed a c o n s ta n t  r a t e  d u r in g  th e  s h i f t - u p  and 
in c re a s e d  by  a  f a c t o r  o f  2 .7  t im e s  from  0.9%  (h)""^ i n  l a t e
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phase 3 to  2.4% ( h ) - "^. The in c r e a s e  i n  th e  r a t e  o f  l o s s  o f  
p r o te in  ( 2 .7  t im e s )  and  DNA (3  t im e s )  was com parab le  to  th e  
in c re a s e  i n  th e  r a t e  o f  l o s s  o f  ca rb o n  (3  t im e s )  i n  e x p e r i ­
ments u n d e r  s im i l a r  c o n d i t io n s .
I .  In d u c tio n  o f  th e  L a c to se  Operon i n  M ain ten an ce  E nergy  
Phase C u l tu r e s  o f  E s c h e r ic h ia  c o l i  B.
The d e d u c i b i l i t y  o f  th e  l a c to s e  o p eron  was u se d  to  
in v e s t ig a te  o p eron  c o n t r o l  and  p r o t e in  s y n th e s i s  i n  E . c o l i  
B c u l tu r e s  g row ing i n  th e  m a in ten an ce  e n e rg y  f e rm e n te r .  The 
tim e c o u rse  o f  c o n tin u o u s  l a c to s e  o p eron  in d u c t io n  i n  a  p h ase  
3 c u l tu r e  o f  E . c o l i  B i s  shown i n  F ig u re  21 . The g r a t u i t o u s  
in d u c e r , i s o p r o p y l - ^ - th io g a l a c to s id e  (IPTG) was added  22 h o u rs  
a f t e r  th e  s t a r t  o f  p h a se  3 i n  an  am ount s u f f i c i e n t  to  b r in g
_ x
bo th  th e  medium r e s e r v o i r  and  th e  f e rm e n ta t io n  v e s s e l  to  10 
M in  IPTG. The in d u c e r  a t  t h i s  c o n c e n t r a t io n  i s  s a tu r a t i n g ,  
i . e . ,  th e  r a t e  o f  ^ 3 -g a la c to s id a s e  p ro d u c t io n  i s  in d e p e n d e n t 
o f in d u c e r  c o n c e n t r a t io n  (N ovick and  W einer, 1 9 5 7 )- As can  
be seen  i n  F ig u re  21 , th e  r a t e  o f  ^ - g a l a c to s id a s e  p ro d u c t io n  
/2 6 0  im its (h )~ ^ y r in c r e a s e d  to  a  maximum v a lu e  upon in d u c e r  
a d d i t io n  and  rem ain ed  a t  t h a t  v a lu e  th ro u g h o u t th e  c o u rse  o f  
th e  e x p e r im e n t. Im m e d ia te ly  a f t e r  a d d i t io n  o f  in d u c e r ,  th e  
b a c t e r i a l  m ass a c c u m u la tio n  r a t e  d e c re a s e d  by  58% from  4 3 . 
jxg(ml)- 1 ( h ) - '1' to  1 .8  j ig (m l) - 1 ( h ) -1  (F ig u re  2 2 ) .  S im i la r ly ,  
th e  r a t e  o f  p r o t e in  a c c u m u la tio n  d e c re a se d  58% to  1 .7  J ig (m l)- ^ 
(h ) - '*' from  4 jig (m l) - ^ ( h ) - ^ . The r a t e s  o f  DNA and  ENA 
accu m u la tio n  a l s o  f e l l  b y  com parab le  am ounts. The m ic ro c o lo n y  
a ssay  f o r  v i a b i l i t y  i n d i c a t e d  t h a t  no c e l l  d e a th  o c c u r re d
F ig .  21 . P ro d u c tio n  o f  ^ 3 -g a la c to s id a s e  i n  a  p h ase  3 c u l tu r e  
o f  E s c h e r ic h ia  c o l i  B. A c u l tu r e  22 h  i n to  p h ase  
3 was c o n t in u o u s ly  exposed  to  1 X' 10-3M IPTG. GFR 
was 193 ^ u n d l(h ) - l  a t  an  ER o f  57 m l(h ) ~ l .  Each 
d a ta  p o in t  r e p r e s e n t s  th e  a v e ra g e  o f  d u p l ic a te  
d e te r m in a t io n s .
12 ’Sm










F ig .  22 . R e la t io n s h ip  b e tw een  B - g a la c to s id a s e  s y n th e s i s  ($ )  
and  a c c u m u la tio n  o f  b a c t e r i a l  d ry  w e ig h t (O) and  
p r o t e i n  (A) i n  m a in ten an ce  e n e rg y  p h a se  c u l tu r e  
o f  E s c h e r ic h ia  c o l i  B. I n d u c t io n  c o n d i t io n s  w ere 
i d e n t i c a l  to  F ig .  2 l .  IPTG was added  a t  th e  a rro w , 
^ - g a la c to s id a s e  a s s a y s  w ere c o n d u c te d  i n  d u p l i c a te  
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d uring  th e  in d u c t io n .  The s p e c i f i c  a c t i v i t y  o f  p - g a l a c to -  
s id a se  was "being s y n th e s iz e d  f a s t e r  th a n  o th e r  c e l l u l a r  
p r o te in s .  The r a t e  o f  i n c r e a s e  i n  p - g a la c to s id a s e  s p e c i f i c  
a c t i v i t y  was n o t  c o m p le te ly  l i n e a r  (F ig u re  23) and  s lo w ly  
d ec reased  w ith  tim e  i n d i c a t i n g  t h a t  th e  r a t e  o f  ^ - g a l a c t o -  
s id a se  s y n th e s i s ,  r e l a t i v e  to  o th e r  c e l l u l a r  p r o t e i n s ,  was 
d e c re a s in g .
The a c t u a l  m ass o f  jB -g a la c to s id a s e  s y n th e s iz e d  i n
phase 3 can  he c a l c u l a t e d  from  th e  num ber r e l a t i n g  enzyme
u n i t s  to  enzyme w e ig h t w h ich , f o r  ^ 3 -g a la c to s id a s e ,  i s  4 0 0 ,0 0 0
u n its (m g )- '1' (K ennel and R iezm an, 1977)* D uring  p h a se  3 ,
^ - g a la c to s id a s e  was s y n th e s iz e d  a t  a  r a t e  o f  260 u n i t s  p e r
—  1 —1hour w hich c o rre sp o n d s  to  a  m ass r a t e  o f  0 .6 5  Jig (ml )  ( h ) -  
o r 38% o f  a l l  new p r o t e in  s y n th e s i s  i s  a t t r i b u t a b l e  to  B- 
g a la c to s id a s e .  T h is  num ber i s  even h ig h e r  when th e  o th e r  
p r o te in s  o f  th e  l a c to s e  o p eron  a r e  c o n s id e re d .  The m ass o f  
a l l  l a c to s e  o p eron  p r o t e in s  can  be ap p ro x im a te d  from  th e  
r a t i o  o f  jp - g a la c to s id a s e :p e rm e a se :a c e t y l  t r a n s f e r a s e  ( 4 : 2 : 1 ) .  
A pprox im ate ly  67% o f  a l l  c e l l u l a r  p r o t e i n  p ro d u ced  d u r in g  
in d u c tio n  w ere l a c to s e  o p ero n  p r o t e i n s .  A t th e  end o f  45*5 
hours o f  in d u c t io n ,  J 3 -g a la c to s id a s e  was 7.5% and  6.6% o f  
t o t a l  p r o t e in  and  b a c t e r i a l  d ry  w e ig h t, r e s p e c t i v e l y .  T o ta l  
la c to s e  o peron  p r o te in s  w ere e s t im a te d  to  a c c o u n t f o r  11.5% 
of th e  t o t a l  b a c t e r i a l  d ry  w e ig h t.
The re sp o n s e  o f  th e  l a c t o s e  o p eron  to  th e  p re s e n c e  
or ab sen ce  o f  in d u c e r  was s tu d ie d  i n  a  m a in ten an ce  e n e rg y  
c u l tu r e  o f  E . c o l i  B. A t 15 h o u rs  i n t o  p h ase  3 , IPTG was 
added to  b r in g  th e  f i n a l  c o n c e n t r a t io n  o f  in d u c e r  i n  th e
F ig .  23 . S p e c i f ic  a c t i v i t y  o f  ^ 3 -g a la c to s id a s e  d u r in g  th e
in d u c t io n  o f  a  m a in ten an ce  e n e rg y  p h ase  c u l tu r e  o f  
E s c h e r ic h ia  c o l i  B. In d u c t io n  c o n d i t io n s  w ere 
i d e n t i c a l  to  J 'ig .  21 .
5 10 i 5 2 0  2 5  3 0  3 5  4 0  4 5
H o u r s  a f t e r  i n d u c t i o n 121
122
_ 7 y
fe rm e n ta tio n  v e s s e l  to  10 ^ M. The a d d i t i o n  o f  in d u c e r  a t  
t h i s  c o n c e n tr a t io n  to  th e  f e rm e n ta t io n  v e s s e l  w ould a llo w  
in d u c tio n  o f  th e  l a c to s e  o p ero n  y e t  w ould a l s o  a l lo w  th e  
in d u ce r  to  he d i l u t e d  by incom ing  g row th  medium to  a  non­
in d u c ib le  c o n c e n t r a t io n .  The c u l tu r e  was in d u c e d  a  second  
tim e, 46 h o u rs  a f t e r  th e  f i r s t  in d u c t io n .  The n e t  s y n th e s is  
of ^ - g a la c to s id a s e  d u r in g  th e  f i r s t  in d u c t io n  (F ig u re  24)
d isp la y e d  a  b im odal p a t t e r n  w ith  th e  f i r s t  r a t e  o f  s y n th e s i s
1 1 — Xbeing  280 u n i t s ( m l ) -  ( h ) “ and  d e c re a s in g  to  112 u n i t s ( m l )
(h )- "*" a p p ro x im a te ly  7 h o u rs  a f t e r  in d u c t io n .  D i lu t io n  o f  
IPTG by  incom ing grow th  medium d u r in g  th e  f i r s t  7 h o u rs  o f  
in d u c tio n  w ould have re d u c e d  th e  c o n c e n t r a t io n  by 40% and  
would have red u c e d  th e  r a t e  o f  s y n th e s i s  o f  B - g a la c to s id a s e  
a f t e r  7 h o u rs .  C a rb o h y d ra te  a n a l y s i s  o f  th e  f i l t r a t e  
in d ic a te d  t h a t  by  30 h o u rs  i n t o  th e  in d u c t io n  th e  c o n c e n tra ­
t io n  o f  IPTG was red u c ed  by  d i l u t i o n  to  n e a r ly  z e ro .  A t t h i s  
p o in t  th e  s y n th e s i s  o f  ^ - g a la c to s id a s e  s to p p e d , i n d i c a t i n g  a  
resp o n se  o f  th e  l a c to s e  o p ero n  to  th e  a b sen ce  o f  in d u c e r .
The second a d d i t io n  o f  IPTG, 46  h o u rs  a f t e r  th e  f i r s t ,
r e s u l te d  i n  r e - in d u c t io n  o f  th e  l a c t o s e  o p e ro n . The r a t e  o f
—  1  —  *1^ - g a la c to s id a s e  s y n th e s i s  /2 3 0  jig (m l) (h )  J  d u r in g  t h i s  
in d u c tio n  was 18% l e s s  th a n  th e  p re v io u s  r a t e  o c c u r r in g  i n  
the  f i r s t  7 h o u rs  o f  th e  f i r s t  in d u c t io n .  A b im odal p a t t e r n  
jP -g a la c to s id a se  s y n th e s i s  r a t e  d id  n o t  o c c u r  i n  th e  second  
in d u c tio n  and  s y n th e s i s  s to p p e d  21 h o u rs  a f t e r  th e  in d u c t io n .  
S y n th e s is  s to p p ed  32 h o u rs  a f t e r  th e  f i r s t  in d u c t io n .  A lso , 
the  t o t a l  amount o f  enzyme p ro d u ced  d u r in g  th e  second  in d u c ­
t io n  was l e s s  th a n  t h a t  p ro d u ced  i n  th e  p re v io u s  one .
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F ig .  24 . ^ - g a la c to s id a s e  s y n th e s i s  i n  a  p h a se  3 c u l tu r e  
w hich was in d u c e d , a llo w e d  to  become r e p r e s s e d ,  
and  th e n  re in d u c e d . IPTG was ad d ed  a t  th e  a rro w  
so a s  to  make th e  f e rm e n te r  1 X 10” 3 n  i n  IPTG. 
GPR was 193 f u n o l( h ) - l  a t  an  FR o f  57 m l(h ) - l .  
Each d a ta  p o in t  r e p r e s e n t s  th #  a v e ra g e  o f  two 
d e te r m in a t io n s .
9_1 , , ,----------
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The l o s s  o f  ^ - g a la c to s id a s e  i n  p h a se  2 and  p h ase  3 
c u l tu r e s  o f  E . c o l i  B was d e te rm in e d  f o r  u se  a s  an  in d e x  o f  
th e  l o s s  o f  a  s in g le  ty p e  o f  p r o t e i n .  L oss o f  jp -g a la c to -  
s id a se  i n  p h a s e s  2 and  3 was d e te rm in e d  by in d u c in g  a  c u l tu r e  
in  p h ase  2 w ith  l a c t o s e ,  a  m e ta b o l iz a b le  in d u c e r ,  a t  a  
c o n c e n tra t io n  o f  10 M. The l o s s  o f  jp -g a la c to s id a s e  from  
an in d u ced  c u l tu r e  o f  E . c o l i  B i s  shown i n  F ig u re  25- 
F ig u re  26 in d ic a te d  t h a t  th e  l o s s  o f  jp -g a la c to s id a s e  from  
c e l l s  o f  E . c o l i  B fo llo w e d  f i r s t  o r d e r  e x p o n e n t ia l  k i n e t i c s .  
The l o s s  o f  ^ 3 -g a la c to s id a s e  p e r  h o u r  was c a l c u l a t e d  from  th e  
r e l a t io n s h ip  d e s c r ib e d  i n  e q u a t io n ' 15 an d  was e x p re s s e d  a s  a  
p e rc e n t .  The r a t e  o f  l o s s  o f  ]3 -g a la c to s id a s e  d e c re a s e d  from  
a c o n s ta n t  r a t e  o f  3-5% (h)- '*' i n  p h ase  2 to  a  c o n s ta n t  r a t e  
of 0 .5 % (b )_1 i n  p h a se  3* The r a t e  o f  l o s s  o f  ^ - g a la c to s id a s e  
i s  a p p ro x im a te ly  3 t im e s  g r e a t e r  i n  p h a se  2 th a n  th e  l o s s  o f  
o th e r  c e l l u l a r  p r o t e i n s .  I n  p h a se  3 , th e  r a t e  o f  ^ 3 -g a la c to -  
s id a se  l o s s  was o n e - h a l f  t h a t  o f  t o t a l  p r o t e in  l o s s .  jP- 
g a la c to s id a s e  l o s s  in c r e a s e d  d r a m a t ic a l ly  d u r in g  a  4 .2 - f o l d  
in c re a s e  i n  g lu c o se  p r o v is io n  r a t e  in  p h ase  3 , to  a  r a t e  o f
11.28% (h)- ^ o r  an  in c r e a s e  o f  24 t im e s .  T h is  i n i t i a l  r a t e  
of lo s s  d e c re a s e d  to  2 .4 % (h )-1  two h  i n t o  th e  s h i f t - u p  and  
rem ained c o n s ta n t  f o r  an  a d d i t i o n a l  18 h o u r s .  The r a t e  o f  
^ - g a la c to s id a s e  l o s s  d u r in g  th e  s h i f t - u p ,  when com pared to  
p r o te in ,  was h ig h e r  i n  th e  f i r s t  two h  o f  o p e r a t io n  b u t  was 
n e a r ly  e q u a l to  th e  p r o t e in  r a t e  l a t e  i n  th e  s h i f t - u p .
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F ig .  2 5 . L oss o f  ^ 3 -g a la c to s id a s e  from  a  p h a se  2 and  p h a se  3 
c u l t u r e  o f  E s c h e r ic h ia  c o l i  B. L a c to se  was added  
i n  p h a se  2 so a s  to  make th e  f e rm e n te r  1 X 10~3 M 
i n  l a c t o s e .  The GPE was 256 /jm o l(h )“ l  a t  an  Fp o f  
57 m l(h ) - l .  D uring  th e  s h i f t - u p  th e  Ft, was 
in c r e a s e d  to  237 m l(h ) - -*-. Each d a ta  p o in t  r e p r e ­
s e n ts  th e  a v e ra g e  o f  two a s s a y s .  The l o c a t i o n  o f 
th e  p h a s e s  was b a se d  on b a c t e r i a l  d ry  w e ig h t d a ta .
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F ig .  2 6 . E x p o n e n tia l  l o s s  o f  ^ 3 -g a la c to s id a s e  from  p h a se  2 
and  p h ase  3 c e l l s  o f  E s c h e r ic h ia  c o l i  B. E x p e r i­
m e n ta l and  in d u c t io n  c o n d i t io n s  w ere i d e n t i c a l  
to  F ig .  25 .
S h i f tP h a s e  3
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J .  R esponse o f  a  M ain ten an ce  E nergy  P hase  C u ltu re  to  
B a c te r io p h a g e .
The s u s c e p t i b i l i t y  o f  m a in ten an ce  e n e rg y  p h a se  c e l l s  
of E. c o l i  B to  v i r u s  i n f e c t i o n  was determ ined , b y  a d d in g  th e  
b a c te r io p h a g e  T^ to  th e  c u l tu r e  i n  p h a se  3 . The b a c t e r i o ­
phage w ere added  2 2 .5  h  i n to  p h a se  3 i n  s u f f i c i e n t  num bers to  
b r in g  th e  m u l t i p l i c i t y - o f - i n f e c t i o n  to  7 b a c te r io p h a g e  p e r  
100 b a c t e r i a .  The p r o g r e s s  o f  i n f e c t i o n  was fo llo w e d  by  
a s sa y in g  f o r  c e l l  num bers and  f o r  v i r a l  num bers i n  th e  p e l l e t  
and s u p e rn a ta n t  f l u i d  ( f i l t r a t e )  f r a c t i o n s  o f  th e  i n f e c t e d  
c u l tu r e .  Im m ed ia te ly  a f t e r  i n f e c t i o n ,  c e l l  num bers d e c re a s e d  
by 21% and c o n tin u e d  to  f a l l  a t  a  m o d era te  r a t e  f o r  12 h o u rs  
(F ig u re  2 7 ) .  C u ltu re  t u r b i d i t y  p a r a l l e l e d  th e  d e c re a s e  i n  
c e l l  num bers and  f e l l  b y  10% i n  th e  f i r s t  3*5 h o u rs  o f  
in f e c t io n .  T h e r e a f t e r ,  b o th  t u r b i d i t y  and  d ry  w e ig h t in c r e a s e d .  
An in c r e a s e  i n  c u l tu r e  t u r b i d i t y  and  d ry  w e ig h t w ith  a  con­
co m itan t d e c re a s e  i n  c u l tu r e  v i a b i l i t y  w ould i n d i c a t e  an  
a ccu m u la tio n  o f  d ead  c e l l s .  D uring  th e  p e r io d  o f  r a p id  c e l l  
number and  t u r b i d i t y  d e c re a s e  ( th e  f i r s t  3*5 h o u rs  o f  i n f e c t i o n )  
c e l l  a s s o c i a t e d  ( p e l l e t  f r a c t i o n )  and  f r e e  ( s u p e r n a ta n t  f l u i d  
f r a c t i o n )  v i r u s  rem ain ed  e s s e n t i a l l y  c o n s ta n t  o r  d e c re a se d  
s l i g h t l y  (F ig u re  2 8 ) .  T h is  p a t t e r n  o f  c e l l  d e a th  w ith o u t 
a p p re c ia b le  v i r a l  r e p l i c a t i o n  w ould i n d i c a t e  t h a t  v i r u s  was 
e f f e c t in g  c e l l  d e a th  by  a  means o th e r  th a n  th e  t r a d i t i o n a l  
l y t i c  c y c le .
C h lo ro fo rm  and  b le n d e r  i n s e n s i t i v i t y  o f  th e  c e l l -  
a s s o c ia te d  v i r u s  (T a b le  11) i n d i c a t e d  t h a t  v i r u s  was n o t
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F ig .  27 . R esponse o f  " b a c te r ia l  d ry  w e ig h t ( o ) , c e l l  num bers 
( • ) ,  and  c u l tu r e  t u r b i d i t y  (A; i n  p h a se  3 c u l tu r e  
o f  E s c h e r ic h ia  c o l i  B to  i n f e c t i o n  b y  b a c te r io p h a g e  
T/.. V iru s  was added  a t  th e  a r ro w . The GPR was 
425 jm io l(h )- l  a t  an  F^ o f  62 m l(h ) - ^-.
Phasel
133
P ig .  2 8 . Change i n  c e l l  a s s o c ia te d  v i r u s  ( • ) ,  e x t r a c e l l u l a r  
v i r u s  (o), and  c e l l  num bers (■) d u r in g  th e  i n f e c ­
t i o n  o f  p h a se  5 c u l tu r e  by  . C u ltu re  c o n d i t io n s
w ere i d e n t i c a l  to  P ig .  27 . v i r u s  was added  a t  th e  
a rro w .
B a c t e r i a l  n u m b e r s  (I o g (Q CF U ( m  l ) _ l )
o COo o











Table 11 . C hloroform  S e n s i t i v i t y  and  B le n d e r  R e s is ta n c e  o f  
B a c te rio p h a g e  T^ I n f e c t i n g  M ain ten an ce  E nergy  
P hase C u l tu r e .
P o s t - in o c u la t io n  R a tio  o f  PFU (m l) o f  D i f f e r e n t  F r a c t io n s
Time CC1, t r e a t e d  p e l l e t / p e l l e t  B lended  p e l l e t / p e l l e t
(h o u rs )
4 8 .5 1 .0 1 .0
4 9 .5 0 .8 6 0 .8 3
52 1 .0 1 .0
54 1 .0 0 .9 0
72 0 .4 1 0 .8 5
79 0 .1 9 -
96 1 .0 —
V iru s  was added  a t  48 h .
•n
PFU -  p la q u e  fo rm ing  u n i t s .
° V ira l sam ples ta k e n  from  m a in ten an c e  e n e rg y  f e rm e n te r  w ere 
c e n t r i f u g e d  and  v i r a l  num bers d e te rm in e d  on th e  p e l l e t  
f r a c t i o n  a f t e r  one o f  th e  fo llo w in g  t r e a tm e n ts :  n o n e ,
ch lo ro fo rm  a d d i t i o n  o r  b le n d in g .
136
i r r e v e r s i b l y  a d so rb e d  to  tb e  c e l l  an d  t h a t  i f  v i r u s  DNA was
in je c te d  in to  th e  c e l l ,  i t  was n o t  dorm ant and  was c a p a b le
of r e p l i c a t i n g .
I f  v i r u s  was n o t  r e p l i c a t i n g  i n  th e  f i r s t  12 h o u rs  o f
i n f e c t io n ,  d i l u t i o n  w ould have red u c ed  th e  a v e ra g e  i n i t i a l
7
c o n c e n tra t io n  o f  f r e e  v i r u s  from  a p p ro x im a te ly  3 x  1 0 ' 
p la q u e - fo rm in g -u n i ts  (PFU) p e r  ml to  6.4- x  10^ PFU (m l) - '*'. 
S ince t h i s  d id  n o t  o c c u r  and f r e e  v i r u s  rem ained  a t  a p p ro x i­
m ate ly  2 X 107 PITT(ml)- 1 , 1 .2  X 1010 v i r u s  m ust have been  
p roduced  a s  a  r e s u l t  o f  v i r a l  r e p l i c a t i o n .  I f  d u r in g  th e  
i n i t i a l  12 h  o f  i n f e c t i o n ,  each  c e l l  d e a th  p ro d u ced  v i r u s ,  
th e  a v e rag e  y i e l d  o f  v i r u s  p e r  i n f e c t e d  c e l l  w ould be 60 . I f  
th e  o r i g i n a l  2 1 %  d e c re a s e  i n  c e l l  num bers d u r in g  th e  f i r s t
3 .5  b  o f  i n f e c t i o n  d id  n o t  r e s u l t  i n  v i r u s  p r o d u c t io n ,  th e  
av erag e  y i e l d  o f  v i r u s  p ro d u ced  p e r  i n f e c t e d  c e l l  w ould be 
a p p ro x im a te ly  1 7 0 .
The p e r io d  o f  re d u ce d  v i r a l  r e p l i c a t i o n ,  w here v i r u s  
was r e p l i c a t i n g  a t  a  r a t e  j u s t  s u f f i c i e n t  to  c o u n te r  th e
* u
e f f e c t s  o f  d i l u t i o n ,  c o n tin u e d  f o r  a p p ro x im a te ly  22 h o u rs  
a f t e r  i n f e c t i o n .  A t t h i s  p o i n t ,  m ost v i r a l  p a r t i c l e s  began 
r e p l i c a t i n g ,  a s  i n d i c a t e d  by in c r e a s e d  c h lo ro fo rm  s e n s i t i v i t y  
(T ab le  1 1 ) ,  and  by  26 h o u rs  a f t e r  i n f e c t i o n  th e  v i r u s  co u ld  
e f f e c t  m ass iv e  l y s i s  o f  th e  c u l t u r e .  D uring  th e  tim e  p e r io d  
70 to  79 b ,  tb e  p e r io d  o f  m ost r a p id  c e l l  l y s i s ,  a  t o t a l  o f  
6 .3  X 1010 v i r u s  was p ro d u c e d . T b is  v a lu e  was c a l c u l a t e d  
by a d d in g  tb e  num ber o f  c e l l - a s s o c i a t e d  v i r u s  p ro d u ced  d u r in g  
t h i s  tim e  p e r io d  to  th e  num ber o f  f r e e  ( f i l t r a t e )  v i r u s  w hich
Q
had been  c o r r e c te d  f o r  w ash o u t. S in c e  7»zt- X 10 c e l l s  d ie d
d u rin g  t h i s  tim e  p e r io d ,  th e  y i e l d  o f  th e  num ber o f  v i m s  
p roduced  p e r  c e l l  d e a th  w ould be 85* By 36 h o u rs  a f t e r  
i n f e c t io n ,  v i m s  had  ly s e d  99-9% o f  th e  c u l t u r e .  S in ce  v i m s  
s e n s i t i v e  c e l l s  w ere ly s e d  b y  36 h o u rs  a f t e r  i n f e c t i o n ,  c e l l s  
r e s i s t a n t  t o  v i m s  i n f e c t i o n  c o u ld  have r e p l i c a t e d  and  
b ro u g h t a b o u t th e  in c r e a s e  i n  b a c t e r i a l  num bers and  t u r b i d i t y  
which o c c u r re d  a f t e r  th e  p e r io d  o f  g e n e ra l  l y s i s .
K. E f f e c t  o f  P e n i c i l l i n  on M ain ten an ce  E nergy  P hase  C e l l s  o f  
E s c h e r ic h ia  c o l i  B.
One o f  th e  co n seq u en ces  o f  th e  r e l a t i o n s h i p  s t a t e d  
in  e q u a tio n  16 i s  t h a t  once th e  m a in ten an ce  e n e rg y  demands o f  
a p o p u la t io n  become e q u a l to  th e  amount o f  g lu c o se  a v a i l a b l e ,  
th e  p o p u la t io n  c e a s e s  g row th  and  becom es d o rm an t. To a s c e r t a i n  
w hether c e l l s  i n  p h a se  3 w ere d o rm an t, p e n i c i l l i n  was added  to  
phase 3 c u l t u r e s  o f  E . c o l i  B. P e n i c i l l i n  was added  22 h o u rs  
in to  p h ase  3 i n  an  am ount su ch  t h a t  th e  p e n i c i l l i n  c o n c e n tra ­
t io n  i n  b o th  th e  medium r e s e r v o i r  and  f e rm e n ta t io n  v e s s e l  was 
100 u n i t s ( m l ) - '*'. A p p ro x im a te ly  30 m in u te s  a f t e r  p e n i c i l l i n  
a d d i t io n  c e l l  num bers and  c u l t u r e  t u r b i d i t y  d e c re a s e d  
e x p o n e n t ia l ly  (E ig u re  2 9 ) .  By 8 h o u rs  a f t e r  a d d i t i o n ,  c e l l  
numbers h ad  d e c re a s e d  by  99.97%- D uring  t h i s  same p e r io d ,  
c u l tu r e  t u r b i d i t y  d e c re a s e d  by  44■%. C e l l  num bers and  t u r b i d i t y  
c o n tin u e d  t o  d e c re a s e  f o r  a s  lo n g  a s  th e s e  p a ra m e te rs  w ere 
m o n ito re d .
P ig .  2 9 . R esponse o f  c e l l  num bers (■ ) and  c u l tu r e  t u r b i d i t y  
(4) to  th e  a d d i t i o n  o f  p e n i c i l l i n .  P e n i c i l l i n  was 
added  d u r in g  p h a se  3 a t  4-7 h  i n  an  am ount s u f f i c i e n t  
to  b r in g  b o th  th e  f e rm e n te r  and  medium r e s e r v o i r  to  
200 u n i t s C m l G E R  was  4-29 f im o l(h )- -*- a t  an  P^ o f  
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A c o n tin u o u s  c u l tu r e  a p p a r a tu s  w ith  t o t a l  b io m ass  
feed b ack  was a ssem b led  to  i n v e s t i g a t e  th e  b io s y n th e s i s  and  
r e g u la t io n  i n  a  m a in ten an ce  e n e rg y  p h a se  c u l tu r e  o f  E . c o l i  
B. T h e o r e t ic a l  a n a ly s i s  ( e q u a t io n s  16 and  17) o f  t h i s  
system  i n d ic a t e d  t h a t  u l t im a te  p o p u la t io n  m ass i n  th e  c u l tu r e  
when grown u n d e r  e n e r g y - l im i t in g  (g lu c o s e )  c o n d i t io n s  w ould 
be d e te rm in e d  b y  th e  p o p u la t io n s ' m a in ten an ce  en e rg y  r e q u i r e ­
m en ts. S c h u l tz  and  G e rh a rd t (1969) s t a t e d  t h a t  su ch  a  
m a in te n a n c e -e n e rg y  p o p u la t io n  w ould be e x tre m e ly  u s e f u l  in  
r e v e a l in g  in fo rm a t io n  a b o u t m a in te n an ce  e n e rg y  m e tab o lism .
C e l l  g row th  i n  th e  m a in ten a n c e  e n e rg y  f e rm e n te r  was 
found to  fo llo w  th r e e  s e q u e n t ia l  p h a s e s .  The e x is te n c e  o f  
th e s e  t h r e e  p h a s e s  was p r e d i c t e d  b y  m ass t r a n s f e r  a n a l y s i s .
The l i m i t  o f  g row th  i n  p h ase  1 c o in c id e d  w ith  an  Eg v a lu e  o f
5 .6  X 10 -5  jjmol( m l) - ' ' '  w hich  i s  com parab le  to  th e  r e p o r te d  
c o n c e n tr a t io n  X 10_ 5 ^ u a o l ^ l ) - ^ /  o f  g lu c o se  a t  w hich  th e  
grow th o f  E . c o l i  becom es g lu c o se  d ep en d en t (S h e h a ta  and  M arr, 
1971).
The o b se rv e d  l i n e a r  g lu c o se -d e p e n d e n t g row th  i n  p h ase  
2 was i n  d i r e c t  c o n t r a s t  to  th e  p r e d i c t e d  h y p e rb o l ic  n a tu r e  
o f g row th  a s  i n d i c a t e d  by  e q u a tio n  17 . The a c c u ra c y  o f
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e q u a tio n  17 i n  d e s c r ib in g  d x /d t  i n  p b ase  2 can  be t e s t e d  by
s e q u e n t ia l ly  a p p ro x im a tin g  d x /d t  a f t e r  p b a se  1 and summing
th e se  m ass changes o v e r  th e  d u r a t io n  o f  p h a se  2 . T h is
s e q u e n t ia l  a p p ro x im a tio n  was a p p l ie d  to  th e  d a ta  o f  one o f
th e  e x p e r im e n ts  /SPE = 1503 u m o l(m l)"^ 7  p r e s e n te d  i n  F ig u re
13. The v a lu e s  u se d  f o r  mQ and  T x  i n  e q u a tio n  17 w ere
th o se  d e te rm in e d  i n  th e  c h e m o s ta t. The c e l l  c o n c e n t r a t io n
at Xg  ^ P r e d ic te d  by eq u ation  17 was 1 .6  m g(m l)- '1' compared
to  an  o b se rv ed  v a lu e  o f  1 .9  m g(m l)- '*'. T hus, e q u a tio n  17
u n d e re s tim a te d  th e  v a lu e  o f  Xg ^ by  19%. The a c c u ra c y  o f
t h i s  p r e d i c t io n  depends i n  a  l a r g e  way on th e  a c c u ra c y  o f
the  c h e m o s ta t-d e te rm in e d  v a lu e s  o f  m„ and  w hich w erec max
0.00096 p n o l  g lu c o se  ( p g d ry  w e ig h t) - ‘1'( h ) - ^ and  2 8 .9  p g  d ry
w e ig h t(p n o l g lu c o s e ) " ^ ,  r e s p e c t i v e l y .  F o r co m p ariso n , v a lu e s
—1 —1of mc and Ymax o f  0 .0 0 5 4  pmol g lu c o se  (jig d ry  w e ig h t) -  (h )~  
and 4 2 .8  p g  d ry  w e ig h t (p n o l g lu c o s e ) - '1' ,  r e s p e c t i v e l y ,  can  be 
c a lc u la te d  from  th e  d a ta  o f  M ainzer and  H em pfling  (1976) f o r  
E. c o l i  B grown i n  a n a e ro b ic  c o n tin u o u s  c u l tu r e  u n d e r  s im i l a r  
c u l t u r a l  c o n d i t io n s .  A t t h i s  t im e , th e  d i s p a r i t y  betw een  th e  
two s e t s  o f  v a lu e s  can  n o t  be e x p la in e d .  The d i s p a r i t y  may 
be due to  d i f f e r e n c e s  i n  th e  two s t r a i n s  o f  b a c t e r i a  o r  i n  
medium c o m p o s itio n . The c o m p o s itio n  o f  th e  g row th  medium h a s  
been r e p o r te d  to  hav e  a  s t r o n g  in f lu e n c e  on mc and  Ymax 
(S to u th am er and  B e tte n h a u s se n , 1973)-
The u n d e r e s t im a t io n  o f  Xg ^ by  e q u a tio n  17 can  be 
a t t r i b u t e d  to  th e  te rm  (-m cX ). T h is  te rm  c o r r e c t s  th e  amount 
of g lu c o se  a v a i l a b l e  f o r  g row th  f o r  th e  am ount o f  g lu c o se  
n e c e s s a ry  to  m a in ta in  th e  p o p u la t io n  a t  an y  one t im e . S in ce
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d x /d t d id  n o t  d e c re a s e  a s  p r e d i c t e d  "by e q u a tio n  17 , th e  
m ain tenance  r e q u ire m e n ts  i n  p h ase  2 may he in d e p e n d e n t o f 
c e l l  m ass . The o th e r  p o s s ib l e  consequence  o f  a  c o n s ta n t  
d x /d t i n  p h ase  2 when c o n s id e r in g  e q u a tio n  17  i s  t h a t  mc
could  be  c o n t in u o u s ly  d e c r e a s in g ,  an d  th e  am ount o f  g lu c o se
a v a i la b le  f o r  g row th  w ould rem ain  c o n s ta n t ,  w hich  w ould
r e s u l t  i n  a  c o n s ta n t  v a lu e  o f  d x / d t .  A lth o u g h  d x /d t  i s
c o n s ta n t ,  th e  s p e c i f i c  g row th  r a t e  (ji)  a s  c a l c u l a t e d  by
e q u a tio n  5 i s  c o n t in u o u s ly  d e c re a s in g  i n  p h a se  2 . S in c e  j x
i s  d e c re a s in g  i n  p h a se  2 and  s in c e  th e  v a lu e  o f  m h a s  been
r e p o r te d  to  v a ry  d i r e c t l y  w ith  th e  s p e c i f i c  g row th  r a t e
( N e i j s s e l  and  T em pest, 1 9 7 6 a ), th e  a s su m p tio n  t h a t  th e  v a lu e
of m i s  c o n t in u o u s ly  d e c re a s in g  i n  p h a se  2 may be  a  v a l i d  c
one.
The r a t e  o f  g row th  i n  p h a se  2 was found  t o  be  d i r e c t l y  
p r o p o r t io n a l  to  th e  r a t e  a t  w hich  g lu c o se  was p ro v id e d  to  th e  
c u l tu r e  (F ig u re  14 and  e q u a tio n  2 4 ) .  T h is  d i r e c t  p r o p o r t io n ­
a l i t y  may be e x p la in e d  i n  l i g h t  o f  th e  e v id e n c e  t h a t  th e  
t r a n s p o r t  o f  g lu c o se  i s  th e  g row th  r a t e  l i m i t i n g  s te p  i n  E . 
c o l i  and  t h a t  th e  a c t i v i t y  o f  th e  p h o s p h o tr a n s fe r a s e  system  
i s  r e g u la te d  a c c o rd in g  t o  th e  g row th  r a t e  (K o m b erg  and  
Jo n e s-M o rtim e r, 1977)•
E q u a tio n s  16 and  17 p r e d i c t e d  t h a t  th e  p e r io d  fo llo w in g  
phase  2 , when th e  am ount o f  e n e rg y  e q u a le d  th e  am ount o f  e n e rg y  
needed f o r  m a in te n a n c e , w ould be a  s te a d y  s t a t e  o f  c o n s ta n t  
mass w ith o u t  g ro w th . The o b se rv e d  a c c u m u la tio n  o f  m ass i n  
phase 3 (F ig u re  4 )  i n d ic a te d  t h a t  t h i s  p h a se  was n o t  a  p e r io d  
o f c o n s ta n t  m ass . The o b se rv e d  g row th  and  m ass a c c u m u la tio n
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in  p h ase  3 c o u ld  c o n c e iv a b ly  be th e  r e s u l t  o f :  l )  a  f r a c t i o n
of th e  p o p u la t io n  d y in g  and  r e l e a s i n g  th e  am ount o f  e n e rg y  
th e y  u sed  f o r  m a in ten an ce  t o  o th e r  members o f  th e  p o p u la t io n  
f o r  u se  a s  g row th  e n e rg y , 2 )  th e  m a in ten an ce  e n e rg y  r e q u i r e ­
m ents o f  th e  p o p u la t io n  becom ing in d e p e n d e n t o f  c e l l  m ass i n
phase 3 , o r  3) th e  v a lu e  o f  m d e c re a s in g  th ro u g h o u t p h a se  3c
such t h a t  th e  amount o f  s u b s t r a t e  u se d  f o r  m a in ten an ce  was 
-c o n s ta n t i n  p h a se  3 and. was l e s s  th a n  th e  t o t a l  am ount o f  
a v a i la b le  e n e rg y , and  4 )  th e  ATP y i e l d  p e r  u n i t  am ount o f  
g lu co se  fe rm e n te d  becom ing g r e a t e r  i n  p h ase  3 th a n  i n  p h a se  2 .
The l a s t  h y p o th e s is  i s  e a s i l y  r e f u t e d  s in c e  th e  am ount 
of ATP p ro d u ced  d u r in g  a l l  t h r e e  p h a s e s  was i d e n t i c a l  (T ab le  
7 ) .  The d a ta  p r e s e n te d  i n  T ab le  7 i n d i c a t e d  t h a t  jx  d id  n o t  
a l t e r  th e  f e rm e n ta t io n  p a t t e r n  o f  E . c o l i  grown a n a e r o b ic a l ly .  
T h e re fo re , th e  am ount o f  ATP d e r iv e d  from  th e  f e rm e n ta t io n  
of g lu c o se  was in d e p e n d e n t o f  g row th  r a t e .  These r e s u l t s  
a re  i n  c o n t r a s t  w ith  a  p r e v io u s ly  r e p o r te d  s tu d y  w hich 
in d ic a te d  t h a t  i n  E . c o l i  B, j i  d id  in f lu e n c e  th e  f e r m e n ta t io n  
o f en erg y  s u b s t r a t e  and  h e n c e , th e  ATP y i e l d  i n  th e  o rg an ism  
(H em pfling and  M ain z e r, 1975)* The r a t i o  o f  1 :0 .8 2 :0 .1 2  f o r  
e th a n o l :a c e t i c  a c i d : s u c c i n i c  a c id  f o r  e x p o n e n t ia l  g row th  
com pares f a v o ra b ly  to  p u b l is h e d  r a t i o s  ( 1 :0 .8 3 :0 .1 4 )  o f  
f e rm e n ta tio n  e n d -p ro d u c ts  i n  E . c o l i  grown u n d e r  s im i l a r  
c o n d it io n s  (B e la ic h  and  B e la ic h ,  1 9 7 6 ).
S e v e ra l  l i n e s  o f  ev id e n c e  w ould a rg u e  a g a in s t  th e  
f i r s t  h y p o th e s is .  The m ic ro c o lo n y  te c h n iq u e  f o r  a s s e s s in g  
th e  v i a b i l i t y  o f  a  c u l tu r e  i n d ic a te d  t h a t  c u l tu r e  v i a b i l i t y  
n ev e r d e c re a s e d  to  below  92% d u r in g  a l l  t h r e e  p h a s e s .  The
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amount o f  c e l l  d e a th  t h a t  i s  n e c e s s a r y  to  f r e e  a c e r t a i n  
amount o f  m a in ten an ce  en e rg y  f o r  u se  a s  g row th  e n e rg y  in  
phase 3 can  he c a l c u l a t e d  from  th e  v a lu e  o f  r ^  o f  an y  one 
run and th e  v a lu e  o f  Ymax w hich  was o b ta in e d  from  th e  chemo- 
s t a t  d a t a .  I n  th e  ex p e rim en t shown i n  F ig u re  4 ,  a p p ro x im a te ly  
30% o f  th e  p o p u la t io n  w ould hav e  d ie d  i n  th e  f i r s t  29 h o u rs  
o f p h ase  3 g row th  i f  th e  o b se rv e d  r a t e  o f  g row th  was due to  
c e l l  d e a th .  S in c e  a  p o p u la t io n  w hich c o n ta in e d  30% n o n v ia b le  
c e l l s  c o u ld  e a s i l y  be d e te c te d  i n  th e  m ic ro c o lo n y  v i a b i l i t y  
a s s a y , h y p o th e s is  num ber one can  be r e j e c t e d .  C ry p tic  g row th  
can a l s o  be e l im in a te d  a s  a  means o f  p r o v id in g  e n e rg y  f o r  
c e l l  g row th  i n  p h ase  3 s in c e  a s s a y s  f o r  a n  i n t r a c e l l u l a r  
enzyme, l a c t i c  d e h y d ro g en ase , i n d ic a te d  t h a t  e x te n s iv e  am ounts 
o f l y s i s  d id  n o t  o c c u r .
The second  h y p o th e s is  w hich  s t a t e d  t h a t  th e  en e rg y  
re q u ire m e n ts  o f  th e  p o p u la t io n  a r e  in d e p e n d e n t o f  c u l tu r e  
mass i n  p h a se  3 may be  d is c o u n te d  on th e  b a s i s  o f  th e  fo llo w in g  
o b s e rv a t io n :  th e  s t a r t  o f  p h ase  3 g row th  a lw ay s  o c c u rs  a t
a c r i t i c a l  r a t i o  o f  c e l l  m ass to  GPR. The r a t i o ,  w hich  can  
be c a l c u l a t e d  from  F ig u re  16 i s  0 .5 8 7  mg d ry  w eight(jam ol 
g lu c o s e ) - 1 ( h ) - '1' .  I f  th e  m a in ten an ce  r e q u ire m e n ts  o f  a 
p o p u la t io n  w ere in d e p e n d e n t o f  c e l l  m ass , th e  p h a se  3 g row th  
would be e x p e c te d  to  be  i d e n t i c a l  to  th e  p h a se  2 g row th  r a t e  
and th e  c u l tu r e  w ould n o t  e n t e r  p h a se  3 when th e  c r i t i c a l  
mass to  GPR r a t i o  was re a c h e d .
The t h i r d  h y p o th e s is ,  w here th e  v a lu e  o f  th e  nr wasc
p o s tu la te d  to  d e c re a s e  th ro u g h o u t p h a se  3 , i s  th e  m ost 
a t t r a c t i v e  o n e . I f  n r  w ere a llo w e d  to  d e c re a s e  w ith  a  d e c re a s eIs
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in  i n  p h a se  5 , th e  am ount o f  GPR n eed ed  to  f u l f i l l  th e
re q u ire m e n t f o r  m a in te n a n ce  e n e rg y  co u ld  rem ain  c o n s ta n t .
T h e re fo re , th e  am ount o f  g lu c o se  a v a i l a b l e  f o r  g row th  w ould
rem ain  c o n s ta n t  a n d , h e n c e , d x /d t  w ould he  c o n s ta n t  i n  p h a se
3. S in c e  ju i s  c o n t in u o u s ly  d e c r e a s in g  i n  p h a se  3 , nic c o u ld
c o n c e iv a b ly  d e c r e a s e .  As p r e v io u s ly  m en tio n e d , N e i j e s s e l  and
Tempest (1976a) r e p o r te d  t h a t  m may, u n d e r  some c o n d i t io n s ,c
v a ry  d i r e c t l y  w ith  j i .
A n a ly s is  o f  c e l l u l a r  m acro m o lecu les  d u r in g  p h a s e s  2 
and 3 i n d i c a t e d  t h a t  th e s e  two p h a s e s  w ere p e r io d s  o f  u n b a l­
anced g ro w th . P h ase  2 c e l l s  became re d u ce d  i n  p e r c e n t  compo­
s i t i o n  o f  ERA and  e n r ic h e d  i n  p r o t e i n  and  DNA w h e re a s , p h a se  
3 c e l l s  became re d u c e d  i n  p e r c e n t  co m p o s itio n  o f  RNA and  DNA 
and e n r ic h e d  i n  p r o t e in  a s  th e  r e s p e c t iv e  p h a se s  p r o g re s s e d .  
The sh a rp  change i n  th e  r a t e  o f  in c r e a s e  i n  d ry  w e ig h t,  DNA, 
RNA, p r o t e i n  and  b a c t e r i a l  num bers a t  th e  c r i t i c a l  m ass to  
GPR r a t i o  w hich c o rre sp o n d s  i n  tim e  to  Xg ^ i n d i c a t e d  t h a t  
th e  p o p u la t io n  a d j u s t s  i t s  m e ta b o lism  t o  cope w ith  a  re d u ce d  
r a t i o  o f  a v a i l a b l e  e n e rg y  to  u n i t  c u l tu r e  m ass . T h is  change 
in  m e tab o lism  i s  r e f l e c t e d  i n  th e  re d u c e d  c a rb o n  a s s i m i l a t i o n  
in to  b io m ass  i n  p h a se  3 a s  com pared to  p h a se  2 and  e x p o n e n t ia l  
g row th . The change i n  m e tab o lism  i s  a l s o  e v id e n t  i n  th e  
in c r e a s e  i n  th e  r a t e  o f  ca rb o n  l o s s  a s  c e l l s  e n t e r  p h a se  3 
and i n  th e  d e c re a s e  i n  am ount o f  LPS s lo u g h ed  i n t o  th e  c u l tu r e  
f i l t r a t e  d u r in g  p h a se  3-
The u n b a la n c e d  g row th  i n  p h a s e s  2 and  3 c o u ld  b e  a 
consequence o f  th e  c e l l s  r e g u l a t in g  th e  r a t e  o f  m ac ro m o lecu la r  
s y n th e s is  t o  th e  am ount o f  en e rg y  a v a i l a b l e  f o r  g ro w th . The
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c e l l u l a r  c o n te n t  o f  DNA, RNA and  p r o t e i n  h a s  b een  shown to  
v a ry  w ith  s p e c i f i c  g row th  r a t e  (W rig h t, L o c h a r t ,  1965; T em pest, 
H e rb e r t ,  P h ip p s , 1 9 6 7 ). S in c e  th e  p e r c e n t  c o m p o s itio n  o f  DNA 
and ENA d e c re a s e d  and  p r o t e in  in c r e a s e d  a s  th e  g row th  r a t e  
was lo w ered  i n  c o n tin u o u s  c u l tu r e  (T em pest, H e r b e r t ,  P h ip p s , 
1967), th e  p a t t e r n  w here a  c u l tu r e  i n  p h a se  3 became d e p le te d  
in  RNA and  DNA and  e n r ic h e d  i n  p r o t e i n  may have b een  a  r e s u l t  
o f a  d e c re a s in g  s p e c i f i c  g row th  r a t e  ( ,o  i n  p h ase  3 .
The p ro c e s s  by  w hich  a  c u l t u r e  d e c re a s e s  i t s  RNA 
c o n te n t i n  p h ase  3 may be  a n a lo g o u s  to  th e  re sp o n s e  o f  
s t r i n g e n t  s t r a i n s  o f  E . c o l i  to  am ino a c id  s t a r v a t i o n .  S in c e  
d u rin g  p h a se  3 th e  am ount o f  a v a i l a b l e  e n e rg y  p e r  c e l l  i s  low , 
th e  i n t r a c e l l u l a r  p o o l o f  am ino a c id s  w ould be  e x p e c te d  to  be 
low. I f  th e  i n t r a c e l l u l a r  p o o l o f  amino a c id s  i s  low , a 
s t r i n g e n t  c e l l  w i l l  re sp o n d  b y  re d u c in g  th e  s y n th e s i s  o f  
ENA, p h o s p h o l ip id s ,  and  th e  l i p i d  A m o ie ty  o f  IPS (D o e rr , 
A p ir io n , 1 9 7 8 ). T h e re fo re ,  a  p h a se  3 c e l l  may re d u c e  i t s  
s y n th e s is  o f  RNA i n  re sp o n s e  t o  low am ounts o f  a v a i l a b l e  
en erg y . A s t r i n g e n t  re sp o n s e  i n  a  p h a se  3 c e l l  w ould a l s o  
e x p la in  th e  red u c e d  am ount o f  e x t r a c e l l u l a r  LPS i n  p h a se  3-
The r e d u c t io n  i n  p e r c e n t  c o m p o s itio n  o f  DNA i n  p h ase  
3 may be l in k e d  to  th e  re d u c e d  s y n th e s i s  o f  RNA i n  p h a se  3* 
There i s  some e v id e n c e  t h a t  i n  E . c o l i  RNA s y n th e s i s  i s  
n e c e s s a ry  f o r  DNA r e p l i c a t i o n  (K le in  and B o n h o e ffe r , 1 9 7 2 ).
The lo s s  o f  DNA from  th e  c e l l  a s  m easu red  by  th y m id in e  
lo s s  and  a c c u m u la tio n  o f  d ip h e n y la m in e - r e a c t iv e  m a te r ia l  
in d ic a te d  t h a t  th e  DNA p r e c u r s o r s  w ere s e c r e te d  b e f o re  b e in g  
in c o rp o ra te d  i n t o  DNA. T h is  i n d i c a t e s  t h a t  th e  re d u ced
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s y n th e s is  o f  ENA i n  p h a se  3 was a  r e s u l t  o f  a  p ro c e s s  w hich  
hlocked. p r e c u r s o r  in c o r p o r a t io n  i n t o  BETA and t h a t  p r e c u r s o r  
s y n th e s is  was n o t  c lo s e ly  r e g u la te d .
The e x p e r im e n ts  w hich  d e a l t  w ith  th e  r e l a t i o n s h i p  
betw een th e  g row th  r a t e  i n  p h ase  3 and  GPR (F ig u re  14) 
in d ic a te d  t h a t  r ^  w ould a lw ay s have a  p o s i t i v e  v a lu e  g r e a t e r  
th an  ze ro  when th e  GPR was g r e a t e r  th a n  z e ro .  T h e re fo re ,  a  
c e l l  i s  in c a p a b le  o f  d i s t i n g u i s h in g  be tw een  e n e rg y  u se d  f o r  
m ain tenance  and  en e rg y  u se d  f o r  g ro w th . T h is  id e a  i s  a l s o  
su p p o rted  b y  th e  c o n c lu s io n  re a c h e d  b y  Sykes (1 9 7 6 ). He 
s ta t e d  t h a t  t h e r e  i s  no b io c h e m ic a l m echanism  b y  w hich a  c e l l  
can u se  i n t r a c e l l u l a r  en e rg y  t o t a l l y  f o r  m a in ten an ce  p u rp o se s  
and none f o r  g ro w th . S in c e  th e  r e l a t i o n s h i p  betw een  r ^  and 
GPR i s  d e f i n i t e l y  c u r v i l i n e a r  a t  g lu c o se  p r o v is io n  r a t e s  
below 400 , th e  c e l l u l a r  p r o c e s s e s  w hich  c o n t r ib u te
to  m a in ten an ce  e n e rg y  may have a  g r e a t e r  a f f i n i t y  f o r  i n t r a ­
c e l l u l a r  en e rg y  s u p p l ie s  th a n  do g row th  p r o c e s s e s .  P o s s ib ly ,  
a c e l l  may w ith d raw  en e rg y  u sed  f o r  m a in ten an ce  from  th e  
i n t r a c e l l u l a r  en e rg y  p o o l p r i o r  to  w ith d ra w a ls  o f  en e rg y  
w hich w ould be  u se d  f o r  g ro w th , b u t  th e  c e l l  w ould be u n a b le  
to  m eet m a in ten an ce  e n e rg y  demands t o t a l l y  a t  th e  expense o f  
grow th e n e rg y .
A com parison  o f  th e  g row th  y i e l d  i n  p h ase  2 (o b ta in e d  
from e q u a tio n  23) to  th e  g row th  y i e l d s  shown i n  F ig u re  15 
in d ic a te d  t h a t  th e  g row th  y i e l d  was lo w er i n  p h a se  3 th a n  i n  
phase  2 .
The d i f f e r e n c e  i n  g row th  y i e l d  and  a s s i m i l a t i o n  be tw een  
p hase  2 and  p h ase  3 may be a  r e f l e c t i o n  o f  c e l l s  i n a b i l i t y  to
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use a l l  exogenous e n e rg y  f o r  m a in ten an ce  p u rp o s e s .  S in c e  
d x /d t  i s  l e s s  i n  p h ase  3 th a n  i n  p h a se  2 , th e  f r a c t i o n  o f  
GPR t h a t  i s  u se d  f o r  m a in te n a n ce  p u rp o se s  m ust he g r e a t e r  
in  p h ase  3 th a n  in  p h a se  2 . T h e re fo re ,  a  re d u ce d  am ount o f  
energy  when com pared to  p h a se  2 i s  a v a i l a b l e  f o r  in c o r p o ra ­
t io n  o f  g lu c o se  ca rb o n  i n t o  c e l l  bound c a rb o n . As a  r e s u l t ,  
b o th  th e  a s s i m i l a t i o n  c o e f f i c i e n t  and  g row th  y i e l d  a r e  lo w er 
in  p h a se  3 th a n  i n  p h a se  2 . The dependence o f  th e  a s s im i l a ­
t io n  c o e f f i c i e n t  i n  p h a se  3 on GPR and h e n c e , th e  g row th  
y i e ld ,  i s  a  consequence  o f  th e  i n c r e a s e  i n  th e  f r a c t i o n  o f
GPR u se d  f o r  m a in te n a n ce  a t  low v a lu e s  o f  GPR.
14The l o s s  o f  C -ca rb o n  c e l l u l a r  l a b e l  in d ic a te d
t h a t  th e  r a t e  o f  l o s s  o f  ca rb o n  in c r e a s e d  a s  th e  c u l tu r e
e n te re d  p h ase  3 . The l o s s  o f  p r o t e in  a s  m easu red  by  th e
14d isa p p e a ra n c e  o f  C - le u c in e  from  th e  c e l l  r e p r e s e n t s  o n ly  
a n e t  l o s s  o f  p r o t e i n  s in c e  i n  E . c o l i  e x t r a c e l l u l a r  amino 
a c id s  a r e  v e ry  r a p i d ly  t r a n s p o r t e d  i n t o  th e  c e l l  (R a th  and  
Koch, 1970)* T h e re fo re ,  th e  m easured  r a t e  o f  " ^ C - le u c in e  
lo s s  w ould r e p r e s e n t  s lo u g h in g  o f  p r o t e in  from  th e  c e l l  and  
would n o t  be  a  m easure  o f  p r o t e in  tu r n o v e r .  The r a p id  
in c o r p o r a t io n  o f  f r e e  am ino a c id s  w ould a l s o  e x p la in  th e  
ab sen ce  o f  f r e e  amino a c id s  i n  th e  f i l t r a t e .  The r a t e  o f  
p r o te in  l o s s  i n  p h a se  3 may r e p r e s e n t  d e g ra d a t io n  o f  a 
s p e c i f i c  ty p e  o f  p r o t e in  ( s t a b i l i t y  i s  en e rg y  d ep en d en t and  
d e g ra d a tio n  i s  en e rg y  in d e p e n d e n t)  w hich i s  u n s ta b le  u n d e r  
th e  c o n d i t io n s  o f  p h ase  3 w here th e  am ount o f  g lu c o se  a v a i l ­
a b le  p e r  u n i t  amount o f  b io m ass  i s  c o n t in u o u s ly  d e c re a s in g
14m  p h a se  2 and  p h a se  3* The C - le u c in e  s h i f t - u p  ex p e rim en t
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in d ic a te d  a  s p e c ie s  o f  p r o t e in  whose d e g ra d a t io n  was e n e rg y  
d e p en d en t. T h is  o b s e rv a t io n  i s  i n  ag reem en t w ith  th e  known 
mechanisms o f  p r o t e in  d e g ra d a t io n  w here a b e r r a n t  p r o te in s  
r e q u ir e  en e rg y  f o r  d e g ra d a t io n  (G ottesm an and Z ip s e r ,  1 9 7 8 ).
On th e  b a s i s  o f  th e  above o b s e rv a t io n s ,  p r o t e in  
s t a b i l i t y  and  d e g ra d a t io n  i n  m a in ten an ce  en e rg y  p h a se  c u l t u r e s  
a re  r e g u la te d  i n  re sp o n s e  to  th e  a v a i l a b i l i t y  o f  i n t r a c e l l u l a r  
energy  s u p p l i e s .
The l o s s  o f  DNA a s  m easured  by th e  l o s s  o f  H -th y m id in e  
a p p e a rs  to  be en e rg y  d ep en d en t i n  much th e  same way a s  p r o t e i n .  
T h is i s  ev id e n c ed  by  th e  in c r e a s e  i n  th e  r a t e  o f  DNA l o s s  
when GPR was in c r e a s e d  by  a  f a c t o r  o f  4  i n  p h ase  3- One 
n o ta b le  e x c e p tio n  i s  t h a t  th e  l o s s  o f  p r o t e in  a s  m easured  
by th e  s e c r e t i o n  o f  p r o t e i n  i n  th e  f i l t r a t e  (F ig u re  12) a p p e a rs  
to  be m ass d ep en d en t w h ereas  DNA do es  n o t .
The p r o t e in  s y n th e s iz in g  c a p a b i l i t y  i n  m a in ten an ce  
energy  p h a se  c u l t u r e s  a p p e a rs  to  be  u n d e r - u t i l i z e d  s in c e  
p r o te in  s y n th e s i s  and  b a c t e r i a l  d ry  w e ig h t in c r e a s e d  w ith o u t 
a p e r c e p t ib l e  l a g  a f t e r  th e  GPR was in c r e a s e d  4 - f o l d  d u r in g  
phase  3- The u n d e r - u t i l i z a t i o n  o f  th e  p r o t e in  s y n th e s iz in g  
c a p a b i l i t y  may be one means by w hich  a  c u l tu r e  i s  a b le  to  
su p p ly  b o th  e n e rg y  u s e d  f o r  m a in ten an ce  and  en e rg y  u se d  f o r  
grow th when th e  t o t a l  s u p p ly  o f  endogenous en e rg y  i s  l i m i t e d .  
The u n d e r -p ro d u c t io n  o f  p r o t e in  w ould be an  e n e rg y -c o n s e rv in g  
p ro c e s s  when com pared t o  th e  s y n th e s i s  o f  o th e r  c e l l u l a r  
m acrom olecu les s in c e  th e  en e rg y  expended i n  p r o t e in  s y n th e s i s  
i s  a p p ro x im a te ly  20 t im e s  t h a t  o f  DNA, 4  tim e s  t h a t  o f  RNA,
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150 t im e s  t h a t  o f  l i p i d  and  10 tim e s  t h a t  o f  p o ly s a c c h a r id e  
(S to u th am e r, 1975)*
One n o te w o r th y  r e s u l t  o f  th e  s h i f t - u p  was t h a t  th e  
in c r e a s e  i n  b a c t e r i a l  d ry  w e ig h t a s  w e ll  a s  ENA, p r o t e in  and  
b a c t e r i a l  num bers fo llo w e d  a  h y p e r b o l ic  cu rv e  a s  p r e d i c t e d  
by e q u a tio n  17 . As to  why a c u l tu r e  s h o u ld  fo llo w  th e  
p r e d ic te d  h y p e r b o l ic  g row th  d u r in g  a s h i f t - u p  and  n o t  d u r in g  
p hase  2 i s  n o t  known a t  t h i s  t im e .
The re sp o n s e  o f  a  m a in te n an ce  e n e rg y  p h a se  c u l tu r e  
to  th e  p re s e n c e  o f  IPTG in d ic a t e d  t h a t  th e  c u l tu r e  was 
c ap ab le  o f  p ro d u c in g  an  in d u c ib le  enzyme. The i n d u c i b i l i t y  
o f th e  l a c to s e  o p ero n  i n  a  m a in ten an ce  e n e rg y  p h a se  c u l tu r e  
where th e  e n e rg y  su p p ly  i s  g lu c o se  w ould i n  p a r t  be d e t e r ­
m ined by th e  i n t r a c e l l u l a r  a d e n o s in e  -  5 ' , 5 '- c y c l i c  m onophosphate 
(c-AMP) c o n c e n t r a t io n .  C y c lic  AMP h a s  b een  d e m o n s tra te d  to  
be a  n e c e s s a r y  re q u ire m e n t i n  th e  s y n th e s i s  o f  a  num ber o f  
in d u c ib le  enzyme (P a s ta n  an d  Adhya, 1 9 7 6 ). The p re s e n c e  o f  
g lu c o se  i n  a  c u l t u r e  r e p r e s s e s  th e  i n t r a c e l l u l a r  l e v e l  o f  
c y c l ic  AMP and  r e s u l t s  i n  c a t a b o l i t e  r e p r e s s io n  (P a s ta n  and  
P erlm an , 1 9 7 0 ). T h e re fo re ,  ^ - g a l a c to s id a s e  w ould be  e x p e c te d  
to  be  s u b je c t  t o  c a t a b o l i t e  r e p r e s s io n  w henever g lu c o s e  was 
p r e s e n t  i n  th e  c u l t u r e  medium and  in d u c ib le  o n ly  when g lu c o se  
i s  e x h a u s te d . The e x h a u s t io n  o f  g lu c o se  i n  a  c u l t u r e  has  
been c o r r e l a t e d  w ith  a  r i s e  i n  th e  i n t r a c e l l u l a r  l e v e l  o f  
c y c l ic  AMP (B u e t tn e r  e t  a l . ,  1 9 7 3 ).
The i n d u c i b i l i t y  o f  th e  l a c to s e  o p ero n  i n  p h a se  2 and  
p h ase  5 when exposed  to  l a c t o s e  o r  IPTG can  be th o u g h t  to  be 
th e  r e s u l t  o f  in c r e a s e d  l e v e l s  o f  c y c l i c  AMP when th e
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i n t r a c e l l u l a r  c o n c e n t r a t io n  o f  g lu c o se  h a s  d e c re a s e d  to  a  
le v e l  i n s u f f i c i e n t  to  m e d ia te  c a t a b o l i t e  r e p r e s s io n .  The 
p o t e n t i a l  f o r  ^ - g a l a c to s id a s e  s y n th e s i s  i n  a  p h ase  2 o r  
p h ase  5 c u l tu r e  w hich  i s  e n e rg y  r e s t r i c t e d  may be a  r e s u l t  
o f  one s p e c i f i c  ty p e  o f  p r o t e i n  b e in g  s y n th e s iz e d  a t  th e  
expense o f  o th e r  p r o t e i n s .  I f  t h i s  i s  th e  c a s e ,  th e  s y n th e s i s  
o f  ^ - g a l a c to s id a s e  w ould n o t  r e q u i r e  any  a d d i t i o n a l  e n e rg y  
f o r  amino a c id  s y n th e s i s  and  p o ly m e r iz a t io n  o th e r  th a n  t h a t  
a l r e a d y  com m itted  to  p r o t e in  s y n th e s i s .
The p ro d u c t io n  o f  ^ - g a l a c to s id a s e  i n  th e  p h a se  5 
c u l tu r e  w hich  was c o n t in u o u s ly  exposed  to  in d u c e r  co m p rised  
a v e ry  l a r g e  f r a c t i o n  o f  th e  n ew ly  s y n th e s iz e d  p r o t e in  and  
a f t e r  46 h  o f  in d u c t io n  co m p rised  a p p ro x im a te ly  7-5% o f  th e  
t o t a l  c e l l u l a r  p r o t e i n .  T h is  v a lu e  i s  s l i g h t l y  h ig h e r  th a n  
th e  6 %  r e p o r te d  f o r  th e  ^ - g a l a c to s id a s e  f r a c t i o n  o f p r o t e in  
in  e x p o n e n t ia l  p h a se  c e l l s  (H o riu c h i e t  a l . ,  1 9 6 2 ). S in c e  
jp -g a la c to s id a s e  was a  c o n s ta n t  f r a c t i o n  o f  th e  new ly  s y n th e ­
s iz e d  p r o t e i n ,  th e  s y n th e s i s  o f  ^ 3 -g a la c to s id a s e  was r e g u la te d  
a c c o rd in g  to  th e  r a t e  o f  o v e r a l l  p r o t e in  s y n th e s i s .
The g row th  r a t e  r e d u c t io n  i n  th e  p h a se  3 c u l tu r e  
a f t e r  in d u c t io n  may r e p r e s e n t  th e  c o s t  o f  IPTG t r a n s p o r t  in to  
th e  c e l l .  P u rdy  and  Koch (1976) have d e m o n s tra te d  t h a t  e n e rg y  
i s  r e q u i r e d  f o r  th e  t r a n s p o r t  o f  l a c to s e  o p ero n  in d u c e r s  i n t o  
th e  c e l l .  The r e d u c t io n  i n  g row th  r a t e  h a s  b een  r e p o r te d  i n  
e x p o n e n tia l  p h aso  c e l l s  w hich  h ad  b een  in d u c e d  f o r  ^ 3 -g a la c to -  
s id a s e  (N ovick and  W einer, 1957)*
The p a t t e r n  o f  in d u c t io n  w here a  p h a se  3 c u l tu r e  was 
in d u c e d , a llo w e d  to  become r e p r e s s e d ,  and  th e n  re in d u c e d
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i n d ic a te d  t h a t  p h a se  3 c u l t u r e s  d is p la y e d  th e  u s u a l  c o n t r o l s  
w hich gov ern ed  th e  in d u c t io n  and  r e p r e s s io n  o f  th e  l a c to s e  
o p ero n . The red u c ed  r a t e  o f  ^ - g a la c to s id a s e  s y n th e s i s  and  
red u ced  p la t e a u  o f  enzyme a c t i v i t y  i n  th e  second  in d u c t io n ,  
when com pared to  th e  f i r s t ,  i n d i c a t e d  t h a t  p h a se  3 c e l l s  
had become a l t e r e d  i n  t h e i r  a b i l i t y  to  p ro d u ce  an  in d u c ib le  
enzyme. C o n ce iv ab ly  t h i s  r e p r e s e n te d  an  "ag in g "  o f  th e  
c u l tu r e  and  a  r e d u c t io n  o f  th e  c a p a b i l i t y  to  s y n th e s iz e  
p r o t e in .
The o b se rv e d  b im odal p a t t e r n  o f  J 3 -g a la c to s id a se  
s y n th e s is  i n  a  c u l tu r e  when exposed  to  a  c o n t in u o u s ly  
d e c re a s in g  c o n c e n t r a t io n  o f  in d u c e r  may be  e x p la in e d  by  th e  
o b s e rv a t io n s  o f  N ovick and  W einer (1 9 5 7 ). They fo u n d  t h a t  
th e  maximum r a t e  o f  jp -g a la c to s id a s e  s y n th e s i s  o c c u r re d  a t  
in d u c e r  c o n c e n t r a t io n s  g r e a t e r  th a n  10 v M. A t in d u c e r  
c o n c e n tr a t io n s  below  t h i s  v a lu e ,  th e  r a t e  o f  ^ - g a la c to s id a s e  
s y n th e s is  was d ep en d en t on in d u c e r  c o n c e n t r a t io n .  T h e re fo re ,  
th e  red u ce d  r a t e  o f  s y n th e s i s  w hich  o c c u rre d  a p p ro x im a te ly  
7 h  a f t e r  th e  a d d i t i o n  o f  in d u c e r  was due to  a r e d u c t io n  o f  
th e  in d u c e r  c o n c e n t r a t io n  to  below  a  s a tu r a t i n g  l e v e l .
j^ -g a la c to s id a s e  was l o s t  a t  a  r a t e  f a s t e r  th a n  o th e r  
c e l l u l a r  p r o te in s  i n  p h ase  2 and  a t  a  r a t e  s lo w e r th a n  o th e r  
p r o te in s  i n  p h a se  3* T h e re fo re ,  ^ 3 -g a la c to s id a s e  may n o t  be 
a r e l i a b l e  in d e x  o f  t o t a l  p r o t e i n  l o s s .  ^ 5 -g a la c to s id a s e  
may be a  p r o t e in  whose d e g ra d a t io n  i s  e n e rg y  d e p e n d e n t.
D uring  th e  t r a n s i t i o n  betw een  p h a s e s  2 and  3 th e  r a t e  o f  
^ 3 -g a la c to s id a s e  l o s s  d e c re a s e d  w hich  i n d i c a t e d  t h a t  th e  red u ced  
l e v e l  o f  a v a i l a b l e  e n e rg y  i n  p h a se  3 a l t e r e d  th e  r a t e  o f  l o s s .
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D uring  p h a se  3 ^ - g a la c to s id a s e  was r e l a t i v e l y  s t a b l e  a s  
opposed to  th e  h ig h  r a t e  o f  l o s s  d u r in g  th e  s h i f t - u p .  T h is  
ev id en ce  i n d i c a t e s  t h a t  th e  l o s s  o r  d e g ra d a t io n  o f  jf3 -g a lac to - 
s id a s e  i s  e n e rg y  d e p e n d e n t.
The i n f e c t i o n  and  r e p l i c a t i o n  o f  th e  b a c te r io p h a g e  
T^ i n  a  m a in ten an ce  e n e rg y  p h a se  c u l tu r e  was a  f a i r l y  u n iq u e  
p r o c e s s .  A f te r  i n f e c t i o n ,  th e  i n i t i a l  d e c re a s e  i n  b a c t e r i a l  
num bers and  t u r b i d i t y ,  w ith o u t a p p r e c ia b le  v i r u s  r e p l i c a t i o n ,  
in d ic a te d  t h a t  c e l l  d e a th  was m e d ia te d  b y  a  p r o c e s s  o th e r  
th a n  t h a t  w hich  o c c u rs  i n  th e  t r a d i t i o n a l  l y t i c  c y c le .  T h is  
same ty p e  o f  phenomenon was r e p o r te d  b y  Doermann (1 9 4 8 ). 
P o s s ib ly ,  th e  i n i t i a l  d e c re a s e  i n  b a c t e r i a l  num bers c o u ld  be 
due to  l y s i s  o f  th e  h o s t  c e l l  d u r in g  th e  i n f e c t i o n  p r o c e s s .
F or t h i s  to  o c c u r ,  each  i n f e c t i n g  v i r u s  w ould have to  k i l l  
th r e e  b a c t e r i a  to  a c c o u n t f o r  th e  21% drop  i n  b a c t e r i a l  
num bers. T h is  w ould a p p e a r  to  be u n l i k e l y  s in c e  i f  l y s i s  
was e f f e c t e d  by  a d s o r p t io n  o f  th e  v i r u s  and  i n j e c t i o n  o f 
v i r a l  DNA, th e  v i r u s  m ust r e p l i c a t e  o r  a  n o t i c e a b le  l o s s  o f  
v i r u s  w ould o c c u r .  A lth o u g h  i t  i s  p o s s ib l e  t h a t  i f  th e  
b u r s t  s i z e  d u r in g  t h i s  i n i t i a l  i n f e c t i o n  was g r e a t l y  re d u c e d , 
v i r u s  r e p l i c a t i o n  w ould n o t  have been  n o t i c e a b le  i n  th e  
p la q u e -fo rm in g  u n i t  a s s a y .
The v i r u s  y i e l d  p e r  c e l l  d e a th  (170 ) d u r in g  th e  f i r s t  
12 h o u rs  o f  i n f e c t i o n  was h ig h e r  th a n  p r e v io u s ly  r e p o r te d  
v a lu e  (30 to  4 0 ) f o r  c e l l s  grown i n  a  m in im al medium (D e lb ru c k , 
19 4 0 ). C a lc u la t io n  o f  th e  v i r u s  y i e l d  p e r  c e l l  d e a th  i n  th e  
l a t e r  p e r io d  o f  th e  i n f e c t i o n  i s  u n r e l i a b l e  s in c e  v i r u s  
r e s i s t a n t  b a c t e r i a  c o u ld  c o n t r ib u te  to  th e  p o p u la t io n  s i z e .
154
The v i r u s - r e s i s t a n t  b a c t e r i a ,  once c e l l  l y s i s  made g lu c o se  
a v a i l a b l e ,  c o u ld  r e p l i c a t e  a t  a  r a t e  w hich  w ould b r in g  t h e i r  
num bers to  a  s u b s t a n t i a l  f r a c t i o n  o f  th e  o v e r a l l  p o p u la t io n  
s iz e .
The tim e  s c a le  o f  v i r u s  r e p l i c a t i o n  and  h o s t  l y s i s  
in  th e  m a in ten an ce  en e rg y  f e rm e n te r  was g r e a t l y  expanded 
compared to  th e  a v e ra g e  grow th  c y c le  o f  a p p ro x im a te ly  20 
m in u te s  i n  e x p o n e n t ia l ly  g row ing c e l l s  (D e lb ru c k , 1 9 4 0 ). 
C o n ce iv ab ly , th e  in c r e a s e d  g row th  c y c le  c o u ld  be  a  f u n c t io n  
o f th e  d o u b lin g  tim e  (a p p ro x im a te ly  15 h )  i n  p h a se  3 . E l l i s  
and D e lb ru ck  (1939) have r e p o r te d  t h a t  th e  l a t e n t  p e r io d  o f  
v i r u s  i n f e c t i o n  was p r o p o r t io n a l  to  g row th  r a t e .
The f i r s t  21 h o u rs  o f  i n f e c t i o n  w here th e  num ber o f  
c e l l - a s s o c i a t e d  and  f r e e  v i r u s  was e s s e n t i a l l y  c o n s ta n t  
in d ic a te d  t h a t  v i r u s  was in c a p a b le  o f  o v e r r id in g  c e l l u l a r  
c o n t r o l  m echanism s and  r e p l i c a t i n g .  O nly when s u f f i c i e n t  
c e l l s  had  d ie d ,  th u s  p ro v id in g  a  l a r g e r  en e rg y  su p p ly  t o  th e  
v ia b le  c e l l s ,  c o u ld  v i r u s  r e p l i c a t e  an d  ly s e  th e  c u l t u r e .
These r e s u l t s  i n d i c a t e  t h a t  a  m a in ten an ce  en e rg y  p h a se  c u l tu r e  
v e ry  t i g h t l y  c o n t r o l s  th e  u se  and  a l l o c a t i o n  o f  i n t r a c e l l u l a r  
en erg y  s u p p l ie s .
The i n i t i a l  d rop  i n  t u r b i d i t y  and  b a c t e r i a l  num bers 
and th e  su b se q u e n t p e r io d  o f  a p p ro x im a te ly  c o n s ta n t  num ber 
o f  c e l l  a s s o c ia t e d  and  f r e e  v i r u s  d u r in g  th e  f i r s t  21 h o u rs  
o f  i n f e c t i o n  in d ic a te d  t h a t  th e  b a c t e r i a l  c e l l  p o p u la t io n  
may be  h e te ro g e n e o u s  i n  te rm s  o f  s e n s i t i v i t y  to  v i r u s  i n f e c ­
t i o n .  Most l i k e l y  t h i s  r e p r e s e n t s  a  p h y s io lo g ic a l  h e te r o g e n e i ty  
in  th e  p o p u la t io n .  C o n ce iv ab ly  th e  h e te r o g e n e i ty  may r e s u l t
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from  d i f f e r e n c e s  i n  a b i l i t y  to  su p p o r t  v i r u s  g row th  o r  from  
d i f f e r e n c e s  i n  r e c e p to r  s i t e s .  The l a t t e r  e x p la n a t io n  i s  
su g g e s te d  by  th e  a tta c h m e n t s i t e  o f  T^ to  E . c o l i . The 
g lu c o se  m o ie ty  o f  th e  LPS m o lec u le  h a s  b een  shown to  be th e  
s i t e  o f  T4  a tta c h m e n t to  th e  o u te r  membrane (Prehm et_ a l . , 
1 9 7 6 ). S in c e  LPS s y n th e s i s  i s  p o s tu l a t e d  to  be u n d e r 
s t r i n g e n t  c o n t r o l  i n  p h a se  5 and s in c e  g lu c o se  i s  i n  s h o r t  
su p p ly  i n  p h a se  3 , some members o f  th e  p o p u la t io n  c o u ld  have 
a red u c e d  num ber o f  a t ta c h m e n t s i t e s .
The p e n i c i l l i n  s e n s i t i v i t y  o f  p h a se  3 c e l l s  i n d ic a te d  
t h a t  a  l a r g e  f r a c t i o n  o f  th e  c e l l s  i n  p h a se  3 w ere a c t i v e l y  
g row ing . T h is  c o n c lu s io n  i s  su g g e s te d  by  th e  mode o f  a c t i o n  
o f p e n i c i l l i n .  P e n i c i l l i n  i s  p o s tu l a t e d  to  i n h i b i t  p e p t id o -  
g ly c a n  c r o s s l in k in g  and  th u s  i s  o n ly  a c t i v e  a g a in s t  grow ing 
c e l l s  (B lum berg and  S tro m in g e r , 197^)* The s l i g h t l y  
a c c e l e r a t i n g  lo g a r i th m ic  r a t e  o f  c e l l  d e a th  may be s u g g e s t iv e  
o f  a  p o p u la t io n  composed o f  n o n -g ro w in g  and  grow ing c e l l s .  
C o n ce iv ab le  t h i s  p a t t e r n  o f  c e l l  d e a th  c o u ld  r e s u l t  from  
r e c ru i tm e n t  o f  c e l l s  from  a dorm ant p o p u la t io n  a s  a  r e s u l t  
o f  en e rg y  becom ing a v a i l a b l e  f o r  u se  a s  g row th  e n e rg y . The 
d e a th  o f  th e  grow ing p o p u la t io n  w ould a llo w  g lu c o se  to  become 
a v a i l a b l e  to  th e  dorm ant p o p u la t io n .  The a c c e l e r a t i n g  r a t e  
o f  d e a th  w ould r e s u l t  from  r e c ru i tm e n t  o f  a  dorm ant p o p u la t io n  
to  th e  g row ing  p o p u la t io n ,  th u s  an; e v e r - in c r e a s in g  s iz e  
w ould be  s u b je c t  to  th e  a c t i o n  o f  p e n i c i l l i n .
A t th e  p r e s e n t  tim e  th e  h y p o th e s is  t h a t  some f r a c t i o n  
o f  th e  p o p u la t io n  i n  p h ase  3 i s  dorm ant i s  o pen . I f  th e  
p o p u la t io n  i s  in d e e d  d o rm an t, th e  c o n t r ib u t io n  o f  th e  dorm ant 
c e l l s  to  th e  p o p u la t io n  i s  n o t  known.
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